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Zusammenfassung

Trotz der grol3en Vielfalt unterschiedlicher Zelltypen in Menschen besitzen alle Zellen
die gleiche genetische Information. Um ein zelltypspezifisches Expressionsprofil zu er-
maoglichen, muss eine Vielzahl epigenetischer Signale durch verschiedene epigeneti-
sche Mechanismen etabliert und aufrechterhalten werden. Posttranslationale Modifi-
kation von Histonproteinen und DNA-Methylierung sind zwei wichtige epigenetische
Signale und Bestandteile des epigenomischen Netzwerks, welche die Aktivierung oder
Unterdrickung der Genexpression regulieren, indem sie die Zuganglichkeit des Chro-
matins modulieren. Bei Saugetieren werden DNA-Methylierungsmuster durch DNA-
Methyltransferasen etabliert, und fehlerhafte DNA-Methylierungsmuster werden mit
verschiedenen Krankheiten, darunter Krebs, in Verbindung gebracht. Daher ist es fur
die Grundlagenforschung und medizinische Anwendungen von besonderem Inte-
resse, diese Modifizierung besser zu verstehen und den DNA-Methylierungszustand
in bestimmten Regionen kunstlich zu manipulieren. Dies kann durch den Einsatz von
epigenommodifizierenden Werkzeugen erreicht werden, die als ,EpiEditoren” bezeich-
net werden, und es ermdglichen, DNA-Methylierung mit variabler Spezifitdt zu setzen

oder zu entfernen.

Ziel des Hauptteils dieser Doktorarbeit war, die Stabilitdt von kinstlich eingeftigter
DNA-Methylierung in CpG-Inseln (CGIs) zu charakterisieren. Zur Adressierung der ar-
tifiziellen DNA-Methylierung wurde ein Zinkfinger (ZnF) eingesetzt, der Uber ein kurzes
DNA-Erkennungsmotiv verfuigt und somit zahlreiche genomische Regionen gleichzei-
tig ansteuern kann. Durch ChlIP-Experimente wurden mehr als 15.000 Bindungsstellen
des ZnF im Genom identifiziert, was die relativ unspezifische DNA-Interaktion des
ZnFs dokumentiert. Eine Fusion der katalytischen Doméane von DNMT3A (3AC) mit
dem ZnF ermdéglichte es, an Tausenden von CGls DNA-Methylierung einzubauen. An-
schlieRend wurde die Dynamik dieser Methylierung fur bis zu 11 Tage durch MBD2-
seq verfolgt. Bemerkenswerterweise war die gesetzte DNA-Methylierung bei etwa 90
% aller zuvor unmethylierten CGls nur voriibergehend vorhanden. Bei 10 % der CGls
wurde jedoch ein hohes Mal3 an restlicher Methylierung festgestellt werden. Interes-
santerweise waren diese stabil methylierten CGls stark mit H3K27me3 angereichert,
das mit Polycomb-reprimiertem Chromatin in Verbindung gebracht wird. Das Setzen

von DNA-Methylierung fuhrte zu einer deutlichen Reduktion der aktivierenden Markie-

VI



rungen H3K4me3 und H3K27ac, welche nach dem Verlust der DNA-Methylierung teil-
weise zu ihrem Ursprungsniveau zuriickkehrten. Uberraschenderweise wurden keine
direkten Auswirkungen der DNA-Methylierung auf die H3K9me3- und H3K36me3-Le-
vel beobachtet. Jedoch wurde die Expression von mehr als 900 Genen nach dem Ein-
fugen von DNA-Methylierung in den zugehotrigen Promoter mindestens zweifach re-
duziert, was das Repressionspotential von Promotermethylierung verdeutlicht. Dabei
waren die Expressionsanderungen eng mit den zeitlichen Anderungen der Promotor-

Methylierungsniveaus korreliert.

Im zweiten Projekt bestand das Ziel darin, einen verbesserten EpiEditor zu entwickeln,
der in Lage ist, DNA-Methylierung mit hoher Effizienz am Zielort zu setzen und dabei
in anderen Regionen nur geringe Aktivitdt zu zeigen. Dazu wurden zwei dCas9-ba-
sierte Rekrutierungsstrategien mit zwei unterschiedlichen Effektoren verglichen, zum
einen 3AC, zum anderen ein chimares Konstrukt von 3AC, welches mit der C-terminale
Doméane von DNMT3L fusioniert wurde (3AC-3L). Die direkte Fusion der Effektordo-
manen an dCas9 fuhrte zu einer geringeren Spezifitat als die Verbindung von dCas9
und Effektordomanen in dem dCas9-SunTag-System, das auf der Rekrutierung meh-
rerer Antikorper-fusionierter Effektordomanen an eine Aneinanderreihung von GCN4-
Peptiden basiert, die an dCas9 fusioniert sind. Obwohl eine hohe Spezifitat des dCas9-
SunTag-Systems in Kombination mit 3AC beobachtet wurde, war die DNA-Methylie-
rungseffizienz eher gering. Im Gegensatz dazu war dCas9-SunTag zusammen mit
3AC-3L effizienter, zeigte aber auf genomweiter Ebene eine sehr hohe unspezifische
Aktivitat. Durch das Einfihren von ladungsumkehrenden Mutationen in basische Ami-
nosauren, die fur die Interaktion von 3AC-3L mit DNA erforderlich sind, konnte die
unspezifische DNA-Methylierung des EpiEditors aufgehoben werden, ohne die zielge-
richtete Aktivitdt wesentlich zu beeintrachtigen. Am Ende Ubertraf der neuartige E-

piEditor das bisher verfiigbare dCas9-SunTag-Konstrukt in Kombination mit 3AC.

Das dritte Projekt dieser Arbeit zielte darauf ab, die H19/IGF2-Imprinting-Kontrollregion
(ICR) durch gezielte DNA-Demethylierung umzuprogrammieren. Zu diesem Zweck
wurde das dCas9-SunTag-System in Kombination mit der katalytischen Domé&ne von
TET1 verwendet. Mehrere CpG-reiche Motive innerhalb der ICR konnten unter Ver-
wendung eines multi-sgRNA-Plasmids adressiert werden. Dabei konnte eine starke
Verringerung der DNA-Methylierung festgestellt werden. Anhand von CTCF-ChIP-Ex-
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perimenten konnte gezeigt werden, dass die DNA-Demethylierung mit der Rekrutie-
rung des methylierungssensitiven Isolatorproteins CTCF einherging. Die reduzierte
DNA-Methylierung und die erhéhte CTCF-Anreicherung wurden bis zu vier Wochen
aufrechterhalten, was die grof3e Robustheit des umprogrammierten Zustands illus-

triert.

Insgesamt liefern die gewonnenen Daten wertvolle Informationen tber die Dynamik
der gezielten DNA-Methylierung und ihre regulatorischen Wirkungen. In Kombination
mit der Entwicklung besserer EpiEditoren kann diese Doktorarbeit den Weg zu siche-

reren und effizienteren klinischen Anwendungen von Epigenom-Editierung ebnen.



Abstract

Despite of the large variety of different cell types in humans, all cells carry the same
genetic information. In order to enable a cell type-specific expression profile, a multi-
tude of epigenetic signals has to be established and maintained by various epigenetic
mechanisms. Histone post-translational modifications and DNA methylation are two
major epigenetic signals and parts of the epigenome network, which regulate the acti-
vation or silencing of gene expression by modulating the chromatin accessibility. In
mammals, DNA methylation patterns are established by DNA methyltransferases, and
aberrant methylation patterns have been connected to various disorders including can-
cer. Thus, it is of particular interest for basic research and medical applications to gain
a better understanding of this mark, and to artificially manipulate the DNA methylation
state at a certain locus. This can be achieved by the employment of diverse epigenome
editing tools, termed ‘EpiEditors’, allowing to install or remove DNA methylation with

variable specificity.

Aim of the main part of this PhD work was to characterize the stability of DNA methyl-
ation at CpG islands (CGls) after artificial introduction. For installation of DNA methyl-
ation, a zinc finger (ZnF) was used as targeting device, which has a short DNA binding
motif allowing to target numerous genomic loci simultaneously. By conducting ChIP
experiments, more than 15,000 ZnF peaks were identified, demonstrating its promis-
cuous binding in the genome. The fusion of the DNMT3A catalytic domain (3AC) to the
ZnF enabled to deposit DNA methylation at thousands of CGls. Afterwards, the dy-
namics of this mark were tracked for up to 11 days by MBD2-seq. Strikingly, the in-
stalled DNA methylation was only transient at around 90 % of all previously unmethyl-
ated CGls. However, high levels of residual DNA methylation were observed at 10 %
of the CGils. Intriguingly, these stably methylated CGls were strongly enriched in
H3K27me3, a mark associated with Polycomb group chromatin. The deposition of DNA
methylation resulted in a marked reduction of the activating marks H3K4me3 and
H3K27ac, which were partially recovered upon DNA methylation loss. Surprisingly, no
direct effects of DNA methylation were observed on H3K9me3 and H3K36me3 levels.
However, the expression of more than 900 genes was downregulated at least two-fold

after DNA methylation editing of the corresponding promoter, demonstrating the high



silencing capacity of the mark. Thereby, the expression changes were tightly correlated
to the temporal changes promoter methylation levels.

In the second project of this thesis, the goal was to develop an improved EpiEditor,
capable to introduce DNA methylation with high efficiency at the target locus but with
low off-target activity. For this, two dCas9-based targeting strategies in combination
with two different effector domains, 3AC and a chimeric construct of 3AC fused to the
C-terminal domain of DNMT3L (3AC-3L), were compared. The direct fusion of the ef-
fector domains to dCas9 resulted in a lower specificity than a connection of dCas9 and
effector domain with a dCas9-SunTag system, which is based on the recruitment of
multiple antibody-fused effector domains to an array of GCN4 peptides fused to dCas9.
Although a high specificity of the dCas9-SunTag system in combination with 3AC was
observed, the DNA methylation efficiency was rather low. In contrast, dCas9-SunTag
together with 3AC-3L was more efficient, but on genome-wide scale, the off-target ac-
tivity was very high. By introducing charge-reversal mutations into basic residues re-
quired for the interaction of 3AC-3L with DNA, most of the off-target activity of the
EpiEditor could be removed without compromising its on-target activity strongly. In the
end, the novel EpiEditor outperformed the previously available dCas9-SunTag con-

struct in combination with 3AC.

The third project of this work aimed to reprogram the H19/IGF2 imprinting control re-
gion (ICR) by targeted DNA demethylation. To this end, the dCas9-SunTag system in
combination with the catalytic domain of TET1 was employed. Multiple CpG-rich motifs
within the ICR were targeted by using a multi-sgRNA plasmid. Strikingly, a strong re-
duction in DNA methylation was obtained. By conducting CTCF-ChIP, it could be
demonstrated that the DNA demethylation was accompanied by the recruitment of the
methylation-sensitive insulator protein CTCF. The reduced DNA methylation and the
increased CTCF occupancy were maintained for almost four weeks, indicating the ro-

bustness of the reprogrammed state.

All in all, the obtained data provide valuable information on the dynamics of targeted
DNA methylation and its regulatory effects. In combination with the development of
better EpiEditors, this PhD work may pave the way towards safer and more efficient
clinical applications of EpiEditing.
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1. Introduction

1.1 Epigenetics and the structure of chromatin

In the year 1942, the developmental biologist Conrad H. Waddington coined the term
‘epigenetics’ in order to describe the developmental mechanisms that connect the gen-
otype and phenotype of an organism. The prefix ‘epi-* comes from the Greek and liter-
ally translates into ‘in addition to’, thus the meaning of epigenetics can be described
as “in addition to the genetic sequence.” Waddington argued that an adaptive response
to an environmental stimulus does not necessarily require a mutation within the ge-
nome, and instead depends on an adequately controlled genetic reaction (Waddington
1942, 2012; Weinhold 2006).

In fact, the human body is composed of around 200 different cell types, which all con-
tain the same genetic information, and originate from the same totipotent cells. Wad-
dington proposed the ‘epigenetic landscape’ (Figure 1A) as a metaphor to illustrate the
cellular decision-making during development. Thereby, the cells reach a more and
more differentiated state that at final stages can hardly be altered by perturbations
(Baedke 2013; Hatano et al. 2011). With the scientific progress in studying epigenetic
mechanisms arising over several decades, Wu and Morris developed a refined defini-
tion of epigenetics in 2001. They described epigenetics as “the study of changes in
gene function that are mitotically and/or meiotically heritable and that do not entail a
change in DNA sequence” (Wu and Morris 2001).

In order to implement an epigenetic state that can be stably inherited, three types of
signals have to consecutively cooperate with each other. First, an environmental signal
(e.g. hormones, temperature, nutrition), the so-called ‘Epigenator’, acts on the cell and
triggers a downstream signal cascade (Figure 1B). This cascade is then executed by
the ‘Epigenetic Initiator’, which translates and transmits the signal from the Epigenator
to a specific genomic locus. Finally, the ‘Epigenetic Maintainer’ modulates the epige-
netic state of the underlying locus, and establishes the heritable epigenetic phenotype
(Berger et al. 2009; Li et al. 2014).
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Figure 1: A) Artistic depiction of the epigenetic landscape model proposed by Waddington. The ball rolling
down the landscape in differential paths represents the cellular differentiation during development. Taken
from Baedke (2013). B) lllustration of the three epigenetic signals involved in the establishment of an epi-
genetic state. The epigenator induces a downstream process, which is transmitted to the nucleus by the
epigenetic initiator. Finally, the epigenetic maintainer alters the epigenetic state. Taken from Li et al. (2014).

Three epigenetic signals have been described to shape the epigenome of a cell, which
are non-coding RNAs (ncRNAs), as well as covalent chemical modifications such as
DNA methylation and histone post-translational modifications (PTMs) (Figure 2)
(Blake and Watson 2016). To gain a better understanding of how these epigenetic
signals regulate the cellular processes, it is necessary to understand the principal or-
ganization of the genetic information in the cell. The DNA of a human diploid cell spans
around two meters in total, and has to fit into a nucleus which is usually around 10 - 20
UM in diameter. For this reason, the DNA has to be condensed into a structure named
‘chromatin’ by association with histones and non-histone proteins. The smallest unit of
chromatin is the nucleosome, in which 147 bp of DNA are wrapped around a histone
octamer 1.7-times. A histone octamer in turn is composed of two copies of the core
histone proteins H2A, H2B, H3, and H4. The tight wrapping of the DNA in a nucleo-
some is facilitated by the attraction of the negatively charged sugar-phosphate back-
bone of DNA to the positively charged surface of the histones. These core histone
proteins all have a globular structure at their C-terminus, and contain a large unstruc-
tured N-terminal tail, which is target for various post-translational modifications (Gor-
don et al. 2013; Kouzarides 2007).

Two nucleosomes are separated by linker DNA with a length between 20 - 90 bp,
forming the 11 nm-wide ‘beads-on-a-string’ structure. By association of linker histone

H1, or other chromatin-associated proteins, the formation of a more condensed 30 nm
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chromatin fiber is induced, presumably adopting various conformations in vivo. In ad-
dition, the 30 nm fiber can further be organized in three-dimensional structures, and
reach the highest condensed state in the form of a chromosome (Fyodorov et al. 2018;
Gordon et al. 2013; Szerlong and Hansen 2011).
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Figure 2: Schematic depiction of the chromatin organization in the cell. The DNA is wrapped around histone
octamers, together forming the nucleosome, and a beads-on-a-string structure. Further compaction of chro-
matin leads to the formation of the 30 nm chromatin fiber, and the highest condensed chromatin structure,
the chromosome. Epigenetic mechanisms like histone modifications, DNA methylation, and non-coding
RNAs control gene expression and affect the chromatin states. Figure taken from Weber-Stadlbauer (2017).

In eukaryotic genomes, chromatin appears in different states of compaction. Among
them, euchromatin represents the most relaxed state, which for instance enables tran-
scription factors or RNA polymerase |l to access the DNA, and induce gene expres-
sion. In contrast, heterochromatin is highly compacted, and hence is connected to
gene repression as it prevents the association of gene-activating factors to DNA. It can
be subdivided into two states, constitutive and facultative heterochromatin. Constitu-
tive heterochromatin is rather static and, inter alia, localized at telomeres and centro-
meres to keep these chromatin regions transcriptionally inert. In comparison, faculta-
tive heterochromatin is particularly involved in gene repression during development
and can be dynamically switched towards euchromatin or constitutive heterochroma-
tin. The presence of histone PTMs can directly or indirectly affect the compaction of
the chromatin, and define the chromatin state. One the one hand, this can be achieved

directly due to structural perturbation of the local chromatin, e.g. by reduction of the
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positive charge of the histones. On the other hand, histone PTMs can recruit chromatin
factors that modify the chromatin structure in distinct modes (Bannister and Kouzarides
2011; Saksouk et al. 2015; Trojer and Reinberg 2007). The combinations of specific
histone tail PTMs create the so-called ‘histone code’, and thereby also define the chro-

matin state (Jenuwein and Allis 2001).

1.2 DNA methylation

1.2.1 Occurrence of DNA methylation in different organisms

DNA methylation is an epigenetic modification which has already been discovered in
1925 in the prokaryote Mycobacterium tuberculosis (Johnson and Coghill 1925).The
existence of modified cytosines in mammals has first been proven by Hotchkiss (1948)
who separated nucleosides originating from calf thymus by paper chromatography
(Hotchkiss 1948). Since DNA methylation has also been detected in archaea and
plants, its presence has thus been demonstrated in all kingdoms of life (Blow et al.
2016). So far, three different variants of methylated nucleobases have been described
which are N6-methyladenine (6mA), 5-methylcytosine (5mC), and N4-methylcytosine
(4mC) and which are all found in bacteria (Figure 3) (Beaulaurier et al. 2019). The
transfer of a methyl group from S-aden

NO-methyladenine ~ N*-methylcytosine  5-methylcytosine

Figure 3: Chemical structures of methylated nucleobases, introduced by DNA methyltransferases. The
inserted methyl group is highlighted by a grey cycle. The image is taken from Jeltsch (2002).

osyl-L-methionine (SAM, or AdoMet) to a nucleobase is catalyzed by so-called DNA

methyltransferases (MTase), which will be described in the following chapter in more



detail. Methylation can occur at the exocyclic amino group of adenine (6mA) or cyto-
sine (4mC). In the case of 5mC, the methyl group is added at C5 position of cytosine
(Jeltsch 2002). 6mA has also been found in various genomes of multicellular organ-
isms (Luo et al. 2015), and recently also at very low levels in mammals (Wu et al. 2016;
Xiao et al. 2018). The best characterized DNA modification, however, is 5mC which is
highly conserved across animals, fungi, and plants, and only few species like C. ele-
gans or S. cerevisea lost DNA methylation in the course of evolution (Zemach and
Zilberman 2010). In mammals, cytosine methylation usually occurs in palindromic CpG
sequences (Jones 2012), but has also be detected in CpH (H = A, C or T) sequence
context in human neuronal tissues and embryonic cells (Jeong et al. 2021; Kozlenkov
et al. 2016).

1.2.2 CpG dinucleotides and CpG islands

Between 1.9 and 4.5 % of all cytosines are methylated in different human tissues and
cell lines (Globisch et al. 2010; Lisanti et al. 2013). However, CpG dinucleotides are
almost five times underrepresented in the genomes of humans and mice (Gentles and
Karlin 2001; Simmen 2008). Considering this sequence bias, between 70 and 80 % of
all CpGs are methylated in somatic cells (Bird 2002). The low proportion of CpGs can
be accounted to the spontaneous hydrolytic deamination of methylated cytosines to
thymine, resulting in C-to-T mutations on one of the DNA strands, which can then be

propagated by replication (Fryxell and Moon 2005).

Despite the overall low abundance of CpG dinucleotides, there are genomic regions
with high CpG density, named CpG islands (CGIs). A well accepted definition for the
properties of CGls is based on their length, which ranges from 500 bp to several
kilobases, on their observed over expected CpG ratio larger than 0.65, and on their
GC content, which has to be equal or larger than 55 % (Takai and Jones 2002). CGls
are often flanked by CGI shores which can be up to 2 kb in length and have a lower
CpG content. In addition, regions which are 2 - 4 kb away from CGls are known as
‘CGl shelves’ and the regions beyond this distance are termed as ‘open sea’ (Marzese
and Hoon 2015). In the human genome, around 30,000 CGIs were identified, which
are mostly located at gene promoters (49 %) or within gene bodies (32 %) (Jeziorska

et al. 2017). Around 72 % of all gene promoters are containing CGls, and classified as
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high-CpG promoters (HCPs), whilst 28 % are non-CGIl promoters and, hence, classi-
fied as low-CpG promoters (LCPs). Overall, promoters display a bimodal distribution
in regard to their CpG content, with a small population of intermediate-CpG promoters
(ICPs). In somatic cells, LCPs are usually hypermethylated, which does not influence
the expression of the respective gene. ICPs are hypermethylated in somatic cell as
well, however, their activity is negatively affected by methylation. In contrast, HCPs are
mostly unmethylated, regardless of their activity, and the CpG content within this group
does not correlate with gene expression (Saxonov et al. 2006; Weber et al. 2007). An
overall low CGI methylation was also observed in hematopoietic stem cells (HSC) (Fig-
ure 4) (Jeong and Goodell 2014). Moreover, a CpG island methylator phenotype
(CIMP) has been described in cancer cell lines, and some subtypes of colorectal can-
cer, showing aberrant methylation, and downregulation of numerous tumor-suppressor

genes (Smiraglia et al. 2001; Toyota et al. 1999).
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Figure 4: Relative methylation levels of different genomic elements in mouse hematopoietic stem cells
obtained by whole genome bisulfite sequencing. The figure is adapted from Jeltsch et al. (2019).

1.2.3 Regulatory functions of DNA methylation

In general, DNA methylation is connected to the repression of genes by various mech-
anisms, which include the induction of heterochromatin or the silencing of enhancers
(Figure 5B) (Jones 2012). The effect of promoter methylation on gene expression can
be explained by a differential sensitivity of DNA-binding factors in the presence of this
modification (Figure 5E). It was shown that the binding of several transcription factors
(TFs) of the bHLH-, bZIP-, and ETS-family, but also many others, was reduced by DNA



methylation. Vice versa, the binding of some other TFs, e.g. Klf4, NFAT- or POU family
members, to DNA was promoted by cytosine methylation (Gaston and Fried 1995;
Spruijt et al. 2013; Yin et al. 2017). TFs can also recruit DNA methyltransferases to a
specific genomic locus, and hence can induce repression of an associated gene (Bren-
ner et al. 2005; Suzuki et al. 2006).

A special class of 5mC readers, the methyl-CpG-binding domain (MBD) protein family,
has been identified, and consists of seven members, which are MBD1-6 and MeCP2
(Du et al. 2015). In vitro studies showed that MBD1, MBD2, and MBD4 display a high
specificity for 5mC. In addition, MBD3 and MeCP2 were also capable of binding to 5-
hydroxymethylcytosine (5hmC), an oxidative derivative of 5mC (Mellén et al. 2012).
Another group reported that MBD3 even has a strong preference for 5hmC over 5mC
(Yildirim et al. 2011). MBD5 and MBD6 are not capable to bind methylated DNA in
vitro, despite of their classification as MBD proteins (Laget et al. 2010). The readout of
DNA methylation by MBD proteins is entailed by multiple downstream effects, such as
epigenetic remodeling or gene silencing. MBD1, for instance, can recruit the histone
lysine methyltransferases (HKMTs) SETDB1 and the SUV39H1-HP1 complex to meth-
ylated loci, and hence induce the formation of heterochromatin (Fujita et al. 2003;
Ichimura et al. 2005). MBD2 and MBD3 are known interaction partners of the NURD/Mi-
2 complex, which in turn is capable to erase active enhancers or promoter marks via
histone deacetylase (HDACs) or H3K4 demethylase activity. In contrast, binding of
MBD4 to 5mC is mainly connected to DNA repair (Du et al. 2015).

MeCP2 was shown to be part of the mSin3A, CoREST, and the NCoR/SMRT core-
pressor complexes, which are both involved in transcriptional repression (Lunyak et al.
2002; Lyst et al. 2013; Suzuki et al. 2003). Further roles of MeCP2 in long-range chro-
matin interactions, and binding to HP1 in the context of heterochromatin formation
have also been demonstrated (Agarwal et al. 2007; Fuks et al. 2003a; Kernohan et al.
2014). In addition, MeCP2 was found to directly interact with DNMT3 enzymes and
recruit them to pericentromeric heterochromatin (Rajavelu et al. 2018). These MBD-
mediated downstream processes resulting from DNA methylation highlight the key reg-

ulatory role of this modification.



Elevated levels of DNA methylation have been shown at the gene bodies of active
genes in dividing cells or cell lines, while methylation was reduced at the transcriptional
start site (TSS) of these genes at the same time (Aran et al. 2011; Li et al. 2010). In
H1 human embryonic stem cells, CpG methylation in gene bodies did not correlate
with gene expression, whereas CHH and CHG methylation in exons, introns and at the
3'UTR was strongly increased in highly expressed genes (Lister et al. 2009). It was
demonstrated that CpG methylation has a role in pre-mRNA alternative splicing (Figure
5C), as exons are hypermethylated compared to their neighboring introns, thus demar-
cating the exon-intron boundaries of a gene (Lev Maor et al. 2015). On the other hand,
methylation of alternative intragenic CGI promoters is accompanied by their silencing
(Greenberg and Bourc'his 2019).
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Figure 5: The diverse regulatory functions of DNA methylation in the genome on different genomic
scales. DNA methylation can directly influence A) genomic imprinting, B) gene expression, C) RNA splic-
ing, D) nucleosome positioning, and E) transcription factor binding. The image was taken from Tirado-
Magallanes et al. (2017).

More than half of the human genome consist of repetitive elements, which include Long
Interspersed Nuclear Elements (LINEs), Short Interspersed Nuclear Elements
(SINEs), Long Terminal Repeats (LTRs), RNA repeats, and DNA transposons. These
genomic elements are all depleted three to five times in CpG dinucleotides and are
methylated by approximately 80 — 90 % in human embryonic stem cells, and in mouse
HSC. The high levels of methylation (Figure 4) are of great relevance, as they support

the transcriptional repression of repeats, and thus safeguard genome stability (Jeong



and Goodell 2014; Su et al. 2012). When retrotransposon elements become hypo-
methylated, they are de-repressed, randomly incorporate into the genome, and thus
compromise genome integrity. (Carnell and Goodman 2003). Hypomethylation of
LINEs has been documented for different types of cancer and human cell lines (Dante
et al. 1992). Moreover, an increased telomeric recombination rate was described in
cells displaying hypomethylation at subtelomeric regions (Gonzalo et al. 2006). DNA
methylation also participates at the transcriptional silencing of repetitive sequences at
pericentric satellite repeats (Lehnertz et al. 2003). Reduced methylation levels of re-
peats can also lead to gene deletions or genomic rearrangement in consequence of

mitotic recombination (Chen et al. 1998).

A further important regulatory function of DNA methylation in mammals is its involve-
ment in a phenomenon called X-chromosome inactivation (XCI), leading to the for-
mation of the Barr Body in female cells. DNA methylation contributes to the induction
of a repressive chromatin state of the inactivated X-chromosome, which is critical for
dosage compensation in gene expression between both sexes (Heard and Disteche
2006).

1.2.4 DNA methylation in development

In the course of mammalian development, reprogramming of the DNA methylation pat-
tern occurs twice. The first wave of reprogramming occurs during gametogenesis,
when primordial germ cells (PGCs), which are derived from posterior epiblast cells,
experience genome-wide demethylation (Figure 6). This process enables the recovery
of germ cell identity, followed by the re-establishment of a sex-specific methylation
pattern. (Greenberg and Bourc'his 2019; Hanna et al. 2018; Zeng and Chen 2019).
Following fertilization, the paternal and maternal genomes are initially located in sepa-
rate pronuclei. During pre-implantation development, the zygote experiences the sec-
ond wave of reprogramming to attain totipotency. Thereby, the paternal genome first
undergoes active, then passive demethylation upon blastocyst stage. In parallel, the
maternal genome is mainly demethylated passively by multiple rounds of cell division.
During the post-implantation period, the paternal and maternal genome become rapidly
re-methylated, and global methylation levels reach around 80 % upon epiblast stage.
(Greenberg and Bourc'his 2019; Hanna et al. 2018; Lee et al. 2014).
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Figure 6: Schematic depiction of the genome-wide DNA methylation changes throughout mammalian
development. During gametogenesis and embryogenesis, the maternal and paternal genomes undergo
two waves of methylation reprogramming. Thereby, the primordial germ cells (PGCs) and fertilized zy-
gote transiently lose the majority of their DNA methylation by active or passive demethylation. The meth-
ylation states of imprinted loci are maintained during embryogenesis. Picture taken from Zeng and Chen
(2019).

In the first wave of remethylation in sperm and oocyte development, so-called ‘genomic
imprints’ are established as well. Several hundred germline differentially methylated
regions (DMRs) on the maternal alleles could be identified in humans and mice which
were mostly located at CGls and promoters (Sanchez-Delgado et al. 2016; Smith et
al. 2014). Moreover, around 170 genes in humans or 200 genes in mice are known to
show monoallelic expression either from the paternal or the maternal allele (Tucci et
al. 2019). Many of the imprinted genes are involved in the regulation of growth during
embryogenesis, as well as of the placenta and of the newborn (Barlow and Bartolomei
2014).

Imprinted genes often form large clusters that all contain an imprinting control region
(ICR). The ICRs are differentially methylated on the paternal or maternal allele. Around
20 ICRs have been discovered in mouse and human, of which only three are methyl-
ated on the paternal allele and localized in intergenic regions. They are protected
against demethylation in the second wave of reprogramming, and preserved in somatic
tissues. Based on the methylation state of the ICRs, the expression of the surrounding

gene cluster is regulated. Dysregulation of imprinted genes is associated with various
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congenital diseases, and different types of cancer (Greenberg and Bourc'his 2019;
Zeng and Chen 2019).

One well-characterized example for genomic imprinting is the allele-specific regulation
of the insulin-like growth factor 2 (IGF2) and the 2.3-kb IncRNA H19 at the 11p15.5
locus on chromosome 11 in human (7gF5 in mouse). While in healthy cells, IGF2 is
solely expressed from the paternal allele, H19 expression is reciprocal, and only takes
places from the maternal allele (Figure 7). An ICR which is located 2 - 4 kb upstream
of the H19 controls the allelic-specific expression of both genes. It displays a high CpG
density and is methylated on the paternal, but not on the maternal allele (Baulina et al.
2021; Nordin et al. 2014). Loss of imprinting (LOI) was observed when this locus was
deleted in mouse. Within the H19/IGF2 ICR, multiple binding sites (five in mouse,
seven in human) of the CCCTC-binding factor (CTCF) could be identified (Bell and
Felsenfeld 2000; Hark et al. 2000).

CTCEF is a vertebrate insulator protein which contains a tandem array of eleven C2H2
zinc fingers, recognizing a 15-bp core motif. Binding of CTCF to the consensus motif
is impaired when the second cytosine in the motif is methylated (Hashimoto et al. 2017;
Kim et al. 2007). The unmethylated ICR of the maternal allele allows CTCF to bind. As
a consequence, the accessibility of an enhancer, which is located downstream of the
H19 gene, is blocked towards the IGF2 promoter (Figure 7). The CTCF-bound ICR
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Figure 7: Epigenetic regulation of the H19/IGF2 imprinting control region (ICR). The maternal allele is
unmethylated (white lollipop) at the ICR, which enables CTCF to bind. CTCF then blocks the access of
the enhancers to the IGF2 locus and instead promotes H19 expression. On the paternal allele, the H19
ICR locus is methylated (dark blue lollipop), which impairs CTCF binding. Thus, the enhancers can
contact the IGF2 promoter and induce gene expression. The scheme was adapted from Baulina et al.
(2021).
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thus functions as an insulator, and the enhancer promotes H19 expression instead. On
the paternal allele, CTCF binding is impeded due to methylation of the ICR, enabling
the enhancer to activate IGF2 expression, whereas H19 is downregulated (Bell and
Felsenfeld 2000; Hark et al. 2000). At the ICR, higher-order chromatin structures are
formed due to CTCF binding. This additionally requires the association of cohesin,
leading to chromatin loops which connect two genomic loci in cis (Kurukuti et al. 2006;
Nativio et al. 2009).

In mouse experiments, the H19 IncRNA was shown to function as a negative regulator
of IGF2 expression as well as on the imprinting gene network in trans. The body weight
of the animals was anti-correlated to H19 transcript levels, thus highlighting its impact
on growth (Gabory et al. 2009). In contrast, the IGF2 gene encodes a pre-cursor hor-
mone which is post-translationally processed to the final 67-aa peptide hormone. IGF2
promotes multiple processes such as cell proliferation, growth or differentiation (Berg-
man et al. 2013). An imbalance of IGF2 and H19 expression, caused by epimutations
in the ICR is associated with several congenital diseases. In up to 64 % of all patients
diagnosed with Silver-Russell Syndrome (SRS), the ICR is hypomethylated at the pa-
ternal allele, followed by downregulation of the IGF2 gene. The phenotype of SRS
patients includes intrauterine and postnatal growth retardation, a triangular face mor-

phology, and body asymmetry (Gicquel et al. 2005; Netchine et al. 2007).

Opposite to SRS, in Beckwith-Wiedemann Syndrome (BWS), the maternal allele of the
H19/IGF2 ICR is hypermethylated in 5-10 % of all cases. This in turn prevents CTCF
binding, which is accompanied with LOI, and expression of IGF2 from both alleles.
Patients with BWS usually display a phenotype of pre- and postnatal overgrowth, mac-
roglossia and visceromegaly (Brown et al. 1996; Murrell et al. 2004; Nativio et al. 2011).
Analogous to BWS, the H19/IGF2 ICR is also hypermethylated in Wilms’ Tumor. This
type of cancer (nephroblastoma) typically occurs during childhood and is derived from
kidney precursor cells in embryogenesis. A 20- to 80-fold downregulation of H19 to-
gether with elevated IGF2 levels was reported in this cancer, resulting from the loss of
heterozygosity and the methylation of CTCF target sites (Cui et al. 2001; Moulton et
al. 1994; Steenman et al. 1994).
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1.3 Mechanisms of DNA maintenance methylation

In mammals, the methylation of cytosines is introduced by enzymes of the DNA (cyto-
sine-5-)-methyltransferase (DNMTs) family, and occurs mostly in palindromic CpG se-
guence context. Currently, it is still highly debated by which means specific DNA meth-
ylation patterns are established, and how they are maintained over multiple cell gen-
erations. The classical model of the DNA methylation cycle is depicted in Figure 8, and
represents the general mechanisms regulating the gain and loss of methylation. Cell
type-specific DNA methylation patterns are established in the course of embryogenesis
by the two de novo DNMT3 enzymes (DNMT3A and DNMT3B). These patterns can
be inherited over multiple cell generations in somatic cells. After DNA replication, the

parental strand is methylated, whereas the newly synthesized strand is unmethylated.
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Figure 8: Classical DNA methylation maintenance model. The DNA methylation patter can be estab-
lished by the de novo DNA methyltransferases DNMT3A/B, leading to fully methylated DNA. After
each round of DNA replication, half of the methylation is passively lost. The hemimethylated DNA
double strand can then be remethylated by DNMT1 or be further diluted by DNA replication. DNA
methylation can also be actively removed by enzymes of the TET family. Figure adopted from Jeltsch
and Jurkowska (2014).

The so-called ‘maintenance methyltransferase’ DNMT1 remethylates the hemimethyl-
ated CpG sites, and thus maintains the original methylation pattern. At regions where
maintenance methylation does not occur, half of the DNA methylation is passively lost
as it is diluted after each round of DNA replication (Jeltsch and Jurkowska 2014; Jones

and Liang 2009). Alternatively, active demethylation can be induced by enzymes of the
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ten-eleven translocation (TET) family, which catalyze the oxidation of 5mC stepwise.
The resulting derivatives can then be removed by thymine DNA glycosylase (TDG)-

mediated base-excision repair (BER) (Schuermann et al. 2016).

However, the classical maintenance methylation model is challenged by several stud-
ies, and can be regarded as an oversimplification. It has been observed, that after DNA
replication, methylation patterns are not perfectly preserved and site-specific. At a cer-
tain locus, the distribution of methylated CpG sites can vary between different cells of
the same tissue, but still display a similar methylation density, indicating that DNA
methylation maintenance takes place in a partially stochastic and dynamic process,
which depends on the relative local enrichment and activity of DNMTs and demethyl-
ases, as well as additional properties of the respective genomic region. Moreover, the
DNMT3s and DNMT1 exhibit overlapping functions. Despite being often labelled as
merely a maintenance methyltransferase, in vitro and in vivo studies revealed that
DNMT1 also exhibits de novo DNA methylation activity. On the other hand, the DNMT3
enzymes can cooperate with DNMT1 and support the remethylation of CpG-dense re-

gions or repeats (Gujar et al. 2019; Jeltsch and Jurkowska 2014).

1.4 Mammalian DNA methyltransferases

As described in the previous chapter, three catalytically active DNMTs have been de-
scribed in human cells so far, which are able to introduce DNA methylation at the C5
position of cytosine. In addition to DNMT3A and DNMT3B, a paralog within the DNMT3
family has been described, the DNA Methyltransferase 3-Like (DNMT3L) which how-
ever does not possess catalytic activity (Gowher and Jeltsch 2018). All DNMT3s and
DNMT1 contain a N-terminal part which has an important regulatory function for the
enzymes, and enables the association with various interaction partners (Figure 9). The
C-terminal parts of the DNMTs comprise the catalytic domains, which are highly con-
served with several other DNA MTases found in all kingdoms of eukaryotes and pro-
karyotes (Gowher and Jeltsch 2018). Based on comparative sequence analysis, ten
conserved motif blocks were identified within the catalytic domain, out of which six (I,
IV, VI, VIII, IX, X) are highly conserved in eukaryotic 5mC methyltransferases. The

motifs occur in sequential order and vary in distance (Kumar et al. 1994). Binding of
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the methyl donor S-adenosyl-L-methionine (AdoMet, or SAM) is promoted by the mo-
tifs I, 11, 1ll, and X, whereas motifs IV - VIl shape the catalytic pocket. Besides, motifs
VIIl and IX are part of the target-recognition domain (TRD) and are involved in DNA

sequence recognition (Albert et al. 2018).
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Figure 9: Domain compositions of the four mammalian DNA methyltransferases (DNMTSs). All enzymes
contain a N-terminal regulatory part and a catalytic domain in the C-terminal part. DMAPD, DNA methyl-
transferase associated protein 1 interaction domain; PCB, PCNA binding domain; NLS, nuclear localization
signal; RFTD, replication-foci-targeting sequence; CXXC, cysteine-rich domain; BAH1/2, bromo-adjacent-
homology domain 1/2; GKn, glycine lysine repeats; PWWP, PWWP domain; ADD, ATRX-DNMT3-DNMT3L
domain; I-X, conserved motifs in the catalytic domain. Scheme taken from Gowher and Jeltsch (2018).

DNMTSs contain a characteristic core structure, which is comprised of a mixed seven-
stranded B-sheet, also termed as the ‘AdoMet-dependent MTase fold’. The enzyme
can access the cytosine by a specific base flipping mechanism. In this process, the
hydrogen bonds to the complementary guanine are disrupted, and the base is rotated
on its sugar-phosphate backbone, enabling it to enter the catalytic pocket of the MTase
(Cheng and Roberts 2001). The subsequent methylation of cytosine is a multi-step
process and begins with the nucleophilic attack of a SH-group of cysteine (PCQ/N;
motif IV) on carbon 6 (Figure 10). This results in a covalent bond between the enzyme
and the base, which is supported by the temporary protonation of the N3 atom by a
glutamate (ENV; motif VI). Next, the active C5 atom attacks the methyl group of
AdoMet, and after deprotonation of C5 in an uncharacterized mechanism, the previ-
ously formed covalent bond by cysteine is resolved. Thus, the aromatic ring is re-
formed, and the demethylated cofactor S-Adenosyl-L-homocysteine (AdoHcy, or SAH)
remains as a product. Due to its lack of a methyl group, AdoHcy acts as an inhibitor of
MTase activity (Jeltsch 2002).
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Figure 10: Catalytic mechanism for the transfer of a methyl group (red) to the C5-position of cytosine by
DNA methyltransferases (DNMTSs). The co-factor S-Adenosyl-L-methionine (AdoMet) serves as a methyl
donor for the reaction. Two catalytic motifs (IV and VI) of the DNMTs are involved in the catalytic process.
The unknown base (B) for proton abstraction is displayed in orange. Figure taken from Gowher and Jeltsch
(2018).

1.4.1 DNMT1

The murine DNA (cytosine-5)-methyltransferase 1 (DNMT1) has been identified as a
CpG-specific methyltransferase for hemimethylated DNA by Browne et al. in 1977, and
has thus been the first MTase discovered in vertebrates (Browne et al. 1977). Studies
in Dnmt1-deficient mouse ES cells showed that the loss of activity resulted in drasti-
cally reduced global DNA methylation levels, derepression of intracisternal A particle
(IAP) retroviruses, and partially impaired XCI (Li et al. 1992; Sado et al. 2000; Walsh
et al. 1998). In general, DNMT1 is required for the maintenance of methylation patterns
after DNA replication, and in vitro studies demonstrated that DNMT1 has a 10 - 50-fold
preference for hemimethylated DNA compared to unmethylated DNA. Moreover,
DNMT1 activity is further stimulated by DNMT3A-mediated de novo methylation, and
also by itself exhibits de novo methylation activity (Bashtrykov et al. 2012; Fatemi et
al. 2002).

DNMT1 has a large N-terminal part of around one thousand amino acids, which con-
tains multiple functional domains (Figure 9). At the very N-terminal part, the DNA me-
thyltransferase associated protein 1 interaction domain (DMAPD) is located, which
however is not present in the DNMT1o0 isoform (Veland and Chen 2017). The associ-
ated DMAPL1 protein is a stimulator of DNMT1 activity, and interaction foremost occurs
at sites of double strand break repair (Lee et al. 2010). Moreover, DNMTL1 contains a
cysteine-rich CXXC domain which is able to specifically bind to unmethylated CpG

dinucleotides (Pradhan et al. 2008). Two bromo-adjacent-homology (BAH) domains
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(BAH1 and BAH2) are positioned close to the catalytic domain of DNMT1. A recent
discovery showed that BAHL1 is a specific reader of H4K20me3. Hence, it can recruit
DNMT1 to LINE-1 retrotransposons, and reinforce silencing by the introduction of DNA
methylation (Ren et al. 2021).

As mentioned before, DNMT1 has an important role in maintaining methylation pat-
terns during S-phase. The proliferating cell nuclear antigen (PCNA) binding domain
(PBD) of DNMT1 facilitates the interaction with PCNA, which is part of the replisome.
This interaction in turn leads to a higher methylation efficiency at the daughter strand
(lida et al. 2002). Another crucial interaction partner of DNMT1 for the recruitment to
replication foci is Ubiquitin Like With PHD And Ring Finger Domains 1 (UHRF1).
UHRF1 is a multi-domain protein, and just as DNMT1, expressed in proliferating cells.
The interaction between both proteins is mediated by the ubiquitin-like (UBL) domain
of UHRF1, and the auto-inhibitory RFTS domain of DNMTL1. At the replication fork,
UHRF1 can bind to hemimethylated DNA through its SET and RING associated (SRA)
domain (Figure 11). Moreover, it recognizes the H3K9me2/3 modification with its tan-
dem tudor domain (TTD) and H3R2meO with its plant homeodomain (PHD) (Greenberg
and Bourc'his 2019; Patnaik et al. 2018; Veland and Chen 2017). The Really Interest-
ing New Gene (RING) domain, which has E3 ubiquitin ligase activity, ubiquitinates H3

H3K9me2 :

UHRF1

OCpG @5mCpG

Figure 11: DNA maintenance methylation mechanism at the replication fork. The SET- and RING-asso-
ciated (SRA) domain of UHRF1 binds to hemimethylated DNA black and white lolliopops), and the tan-
dem tudor domain (TTD) to H3K9me2. The Really Interesting New Gene (RING) domain the ubiqui-
tinates the H3 tail. By the interaction of the replication-foci-targeting sequence (RFTS) of DNMT1 with
the ubiquitin-like (UBL) domain of UHRF1, DNMT1 is recruited to the replication fork. The RFTS domain
then binds the ubiquitinated H3 tail, which releases the inhibitory state of the catalytic domain (MTase)
and enables the remethylation of the freshly synthesized DNA strand. Figure adopted from Greenberg
and Bourc'his (2019).
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at Lys 18 and Lys 23. The modified H3 tail is then bound by the RFTS domain of
DNMT1, which concomitantly releases the catalytic domain. As a consequence,
DNMT1 is activated and methylates the nearby daughter strand (Li et al. 2018).

1.4.2 DNMT3 family

Based on the classical DNA maintenance methylation model (Figure 8), the enzymes
of the DNA (cytosine-5)-methyltransferase 3 (DNMT3) family are mainly responsible
for the establishment of de novo DNA methylation patterns in the genome. Among the
family members, only the paralogs DNMT3A and DNMT3B exhibit catalytic activity,
whereas DNMT3L is catalytically inactive and functions as a regulator (Jeltsch and
Jurkowska 2014). The amino acid sequences of mouse and human DNMT3s are highly
conserved. While the human DNMT3B full-length protein has 94 % sequence identity
with its murine counterpart, the identity for DNMT3A is even at 98 %. Moreover, the
homology between the catalytic domains of human DNMT3A and DNMT3B is also very
high (81 %) (Xie et al. 1999). In comparison, DNMT3L is truncated at the C-terminus
of the catalytic domain, thus lacking the TRD with the motifs IX and X. It also contains
mutations within the conserved motifs responsible for the methylation activity of 5mC
methyltransferases (Albert et al. 2018; Gowher et al. 2005). Recently, an additional
variant, namely DNMT3C, was discovered in rodents, which represents an evolution-

ary recent duplication of the Dnmt3b gene (Barau et al. 2016).

The N-terminal regulatory part of DNMT3 enzymes

All DNMT3s contain an ATRX-DNMT3-DNMT3L (ADD) domain at the N-terminal part
of the protein in common (Figure 9), which itself separates into a GATA-like zinc finger,
a PHD finger, and a C-terminal a-helix. The ADD domain inhibits the activity of the
catalytic domain through an allosteric mechanism. It has a strong binding preference
for H3 tails unmethylated at Lys4 (H3K4me0). When ADD binds to H3K4meO0, the auto-
inhibitory conformation of the enzyme is abrogated, which however does not apply for
H3K4me3 (Jeltsch and Jurkowska 2016; Veland and Chen 2017). In addition, the auto-
inhibitory mode of DNMT3A can be further strengthened by association of MeCP2 to
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the ADD domain (Rajavelu et al. 2018). Mutagenesis of the DNMT3A-ADD binding
pocket lead to dysregulated binding of the enzyme, and resulted in aberrant deposition
of DNA methylation at H3K4me2/3-marked, active promoters in mouse ESCs (Noh et
al. 2015).

DNMT3A and DNMT3B also contain a PWWP domain (Figure 9), which got its name
from a typical short proline/tryptophane motif. It is folded into a B-barrel composed of
five anti-parallel B-strands, followed by a helix bundle of five a-helixes. In general,
PWWP domains can bind methylated lysines through a conserved aromatic cage,
formed by three aromatic residues (Qin and Min 2014). It was shown that the PWWP
domain binds histone tails trimethylated at Lys36 (H3K36me3), a modification usually
located at the gene bodies of active genes (Dhayalan et al. 2010). However, a recent
study revealed that the PWWP domain of DNMT3A not only has the same binding
affinity for H3K36me2, it also binds to DNA through its basic surface patch with a slight
preference for AT-rich sequences (Dukatz et al. 2019). Moreover, the mutation of a
tryptophane within the aromatic cage resulted in impaired binding to H3K36me2/3, and
aberrant methylation of polycomb-marked regions, which in turn phenotypically mani-
fested as microcephalic dwarfism in mice (Heyn et al. 2019).

For the very N-terminal part of DNMT3A and DNMT3B, the exact function has not been
fully resolved. Yet, it could be shown that this part of the enzyme promotes the anchor-
ing to DNA or nucleosomes. Mutations of certain basic residues, as well as isoforms,
and mutants lacking the N-terminal part of the protein displayed reduced binding affin-

ity and methylation activity (Jeong et al. 2009; Suetake et al. 2011).

Multimerization and subnuclear localization of DNMT3 enzymes

Although DNMT3L does not exhibit catalytic activity on its own, it has a critical role in
stimulating DNMT3A and DNMT3B activity for efficient silencing of retrotransposon, or
establishing genomic imprints during gametogenesis that has been well documented
in vivo (Bourc'his et al. 2001; Bourc'his and Bestor 2004; Hata et al. 2002). This obser-
vation was supported by in vitro studies, which reported a 15 to 20-fold increased
methylation activity of the catalytic domain of DNMT3A (3AC) and DNMT3B (3BC).

Moreover, a 20-fold accelerated DNA binding of 3AC and 3BC was observed in the
19



presence of the C-terminal part of DNMT3L (3LC) (Gowher et al. 2005; Kareta et al.
2006).

Crystallography studies of DNMT3 enzymes revealed that two monomers of 3LC can
form a tetrameric, butterfly-shaped complex with two monomers of either 3AC or 3BC
(Figure 12). The heterotetramer assembles in the order of 3LC-3AC-3AC-3LC (or 3LC-
3BC-3BC-3LC), and the 3AC dimer contacts the negatively charged phosphate back-
bone through its basic surface patch. When bound to the DNA substrate, the active
sites of the 3AC dimer are separated by 14 bp, and the flipped-out cytosines are
thereby located on opposing strands. Between both 3AC monomers, a polar Arg/Asp
(‘RD’) interface is formed, and strengthened by further polar interactions. 3LC binds to
3AC through a hydrophobic interface mediated by, inter alia, two phenylalanine (‘FF’)
residues. The improved binding to DNA and the higher methylation activity in presence
of 3LC are facilitated by the stabilization of the flexible active-site loop of 3AC. Conse-
quently, the loop gets into close contact with the minor groove of the DNA, and the
Val716 residue enters the cavity of the flipped-out cytosine. At the same time, the as-
sociation to DNA is also induced by the TRD loop, which only becomes ordered in
DNA-bound state, and is stabilized by hydrogen bonding with the Arg882 residue (Jia
et al. 2007; Lin et al. 2020; Zhang et al. 2018).

DNMT3AC j DNMT3AC

Figure 12: Crystal structure of a DNMT3A/DNMT3L heterotetramer bound to DNA. Two catalytic do-
mains of DNMT3A (DNMT3AC) form a homodimer at the Arg/Asp (RD) interface, and each DNMT3AC
forms a heterodimer with the C-terminal part of DNMT3L (DNMT3LC) at the hydrophobic Phe/Phe (FF)
interface. The cofactor AdoMet is displayed in yellow. R882 is highlighted as two orange balls. The
figure is taken from Emperle et al. (2018).
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Despite the strong homology between 3AC and 3BC, there is a patch of sequence
variability between both enzymes at the TRD loop. Due to these structural differences,
3AC and 3BC exhibit a diverse flanking sequence preference at the +1 flank position
of the methylated CpG dinucleotide. While 3AC preferentially methylates the CpG(C/T)
motif, 3BC favors the CpG(G/A) motif instead. Thus, the 3BC motif contains parts of
the satellite 1l (Sat Il) repeat sequence (5’-ATTCGATG-3’), which is more readily meth-
ylated by DNMT3B in mice. (Emperle et al. 2019; Gao et al. 2020).

After the binding of a 3AC/3LC heterotetramer to DNA, additional tetramers can ap-
pend to the protein-DNA complex cooperatively, and create a nucleoprotein filament
(Figure 13A) which exhibits high methylation efficiency (Jurkowska et al. 2008). The
oligomerization can only take place in one dimension, as 3LC is lacking the residues
required for an interaction at the RD interface. However, 3AC is capable to assemble
into homotetramers at its RD and FF interfaces (Norvil et al. 2018). Moreover, 3AC can
form large multi-protein complexes, and thereby polymerize in two dimensions. First,
it can horizontally polymerize on the same DNA strand like the 3AC/3LC hetero-
tetramer, and second, it can polymerize vertically and bind to an additional DNA strand
in parallel orientation (Figure 13B) (Jurkowska et al. 2011).

A Oligomerization B Two-dimensional
of 3AC and 3LC polymerization of 3AC

Horizontal polymerization on the DNA

Figure 13: Multimerization of DNMT3 enzymes on DNA. A) The catalytic domains of DNMT3A (3AC)
and DNMT3L (3LC) assemble into a heterotetramer, which can multimerize with additional heterotetram-
ers on the DNA and form a one-dimensional filament. B) In the absence of 3LC, 3AC can polymerize in
two dimensions through its RD and FF interfaces, and further associate to a parallel DNA strand. Both
figures A) and B) were adopted from Jeltsch and Jurkowska (2013).

The mode of polymerization has direct implications on the subnuclear localization of
the protein. Presumably, DNMT3A multimers are preferentially localized at heterochro-

matic regions, and binding of DNMT3L relocates DNMT3A to euchromatic loci, e.g.
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during the process of genomic imprinting (Jeltsch and Jurkowska 2013). Moreover, the
enrichment at specific heterochromatic regions (e.g. pericentromeric repeats) was also
described for DNMT3B in mouse ES cells. Mutations within the catalytic site of
DNMT3B lead to the hypomethylation of pericentromeric satellite repeats, which is the
same phenotype as observed in the Immunodeficiency, Centromeric instability and Fa-
cial anomalies (ICF) syndrome in humans, and associated to centromeric heterochro-
matin instability (Okano et al. 1999).

1.5 Active demethylation by TET family members

As already described in the classical DNA maintenance methylation model, DNA meth-
ylation can be either passively lost by a lack of DNMT1-mediated maintenance meth-
ylation after replication, or by active demethylation induced by specific enzymes. The
existence of a 5mC derivative named 5-Hydroxymethylcytosine (5hmC) was first de-
tected in animals in 1972 by Penn et al. (1972). It took until 2009 to discover the three
members of the Ten-Eleven Translocation (TET) enzyme family (TET1, TET2, and
TET3) in mammals responsible for the oxidation of 5mC to 5hmC (Tahiliani et al. 2009).

The three TET enzymes are alpha-ketoglutarate (aKG)-dependent dioxygenases, and
have a C-terminal core catalytic domain in common (Figure 14). The catalytic domain
is composed of a cysteine (Cys)-rich domain, and a double-stranded B-helix (DSBH)
domain where the binding of both cofactors, aKG and Fe(ll), occurs. Moreover, the
DSBH domain includes a low complexity insert, which is suspected to have a regula-
tory function, and contains residues susceptible for PTMs. At the N-terminal part of
TET1 and TET3, a CXXC domain is present. The role of this domain is in the binding
to DNA containing unmethylated CpGs, which consequently has implications for the
genomic localization of the enzymes at unmethylated CGls and enhancers. In contrast,
TET2 lost its CXXC domain during evolution, and the ancestral domain is coded as a
separate gene called Inhibition Of The Dvl And Axin Complex (IDAX). Presumably, the
lack of the CXXC domain results in a partially differential localization of TET2 to gene

bodies or enhancers (An et al. 2017; Ravichandran et al. 2018).
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The TET enzymes are differentially expressed during mammalian development. TET3
contributes to DNA methylation reprogramming after fertilization by inducing global de-
methylation of the paternal genome. In contrast, TET1 and TET2 both participate in
the re-establishment of germ cell identity of primordial germ cells during gametogene-
sis (Greenberg and Bourc'his 2019). Analysis of cell type-specific expression of TET
enzymes in various human adult tissues revealed that TET3 was absent in most of
these tissues. However, TET2 was expressed in most of the analyzed tissues, and

TET1 displayed a variable expression pattern (Lorsbach et al. 2003).
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Figure 14: Domain structures of the mammalian TET1-3 enzymes and the TET2-associated IDAX protein.
The TET enzymes contain a N-terminal core catalytic domain. CXXC, cysteine (Cys)-rich domain; DSBH,
double-stranded B-helix. The figure is taken from An et al. (2017).

The TET enzymes are differentially expressed during mammalian development. TET3
contributes to DNA methylation reprogramming after fertilization by inducing global de-
methylation of the paternal genome. In contrast, TET1 and TET2 both participate in
the re-establishment of germ cell identity of primordial germ cells during gametogene-
sis (Greenberg and Bourc'his 2019). Analysis of cell type-specific expression of TET
enzymes in various human adult tissues revealed that TET3 was absent in most of
these tissues. However, TET2 was expressed in most of the analyzed tissues, and

TET1 displayed a variable expression pattern (Lorsbach et al. 2003).
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In 2011, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) were identified as two
additional derivatives of cytosine methylation, emerging from TET-dependent demeth-
ylation (Ito et al. 2011). 5mC is first converted to 5hmC, which is followed by further
oxidation to 5fC and 5caC (Figure 15). The oxidation of a modified cytosine is achieved
in a stepwise manner. It is suspected that the enzyme is stalled at the intermediates
and may even release its substrate temporarily. Analogously to the DNMTs, TETs use
a base-flipping mechanism, in which the modified base is inserted into the catalytic
pocket of the enzyme. At the catalytic site, Fe(ll) is transiently oxidized by Oz, facilitat-
ing the oxidation of modified cytosine by oxidative decarboxylation of aKG (An et al.
2017).

After the conversion to 5fC or 5caC, the thymine DNA glycosylase (TDG) enzyme spe-
cifically recognizes and excises the modified base. This process leaves behind an
abasic site, and induces the base-excision repair (BER) pathway, which reintroduces
an unmodified cytosine (Figure 15) (Ravichandran et al. 2018). The involvement of
TDG in the removal of oxidized 5mC derivatives was demonstrated by knockdown ex-
periments, showing a 6-fold enrichment of 5fC in the genome of mouse ES cells after
TDG depletion (Raiber et al. 2012).

Reduced TET enzyme processivity

Oxi-mC-facilitated passive DNA demethylation
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Figure 15: Active demethylation of 5-methylcytosine (5mC) in a stepwise process. TET enzymes first
oxidize 5mC to 5-hydroxymethylcytosine (5hmC), then to 5-formylcytosine and 5-carboxylcytosine
(5caC). For the reactions, TET requires Fe(ll), 2-oxoglutarate (20G) and molecular oxygen (O2) as co-
factors. The processivity decreases with each oxidation step. The 5fC- or 5caC bases are then excised
by the Thymine-DNA glycosylase (TDG), and the resulting abasic site is exchanged to cytosine by the
Rase excision renair (RFR) nathwav. The scheme was taken from An et al. (2017).
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The relative amount of 5hmC compared to guanine was measured to be in the range
of 0.03 - 0.7 % in different mammalian tissues, and hence it is less abundant than 5mC
(Globisch et al. 2010). 5hmC is enriched at enhancers or gene bodies of tissue-specific
genes, and generally associated with gene activation. It is also found at TSSs of CpG-
rich or bivalent promoters, and coincides with the binding of TET1 (Cui et al. 2020;
Pastor et al. 2011; Williams et al. 2011). Several studies showed that the relative levels
of 5fC and 5caC were considerably lower than 5hmC in various cell types. The num-
bers ranged from 5 - 15 ppm for 5fC, or 3 - 7 ppm for 5caC, which is up to three orders
of magnitude less than 5hmC (lurlaro et al. 2016; Mulholland et al. 2020; Zhang et al.
2016). Both modifications, 5fC and 5caC, were found at active promoters and enhanc-
ers in mouse ES cells and co-localized with TET1 and TET2 (Neri et al. 2015). The
presence of 5hmC in differentiated tissues highlights the ambivalent characteristics of
this modification. On the one hand, it is a transient intermediate of the DNA demethyl-
ation cascade. On the other hand, it can stably demarcate distinct genomic elements,
and serve as an epigenetic mark which is specifically recognized by 5hmC readers,
such as MeCP2 or UHRF2 (Hahn et al. 2014).

1.6 Post-translational modifications at histone tails and their connec-

tion to DNA methylation

Histone post-translational are one major group of epigenetic signals that regulate the
compaction of chromatin, and thus control the DNA accessibility for proteins involved
in activating gene expression. The majority of modifications mostly occur at the un-
structured N-terminal tails of the histone core proteins (Bannister and Kouzarides
2011). More than 500 different PTMs of at have been discovered so far, and distribute
over a variety of residues. They include methylation (Lys, Arg), acetylation (Lys, Ser,
Thr), phosphorylation (Ser, Thr, Tyr, Lys), ubiquitination (Lys), citrullination (Lys) or
sumoylation (Lys) (Figure 16A) (Huang et al. 2015).

The probably best-studied modifications are methylation and acetylation. Lysines can
exist in four different methylation states, which are either ‘unmethylated’ (KmeO),
mono-/di- or trimethylated (Kme1/2/3) (Figure 16B). In unmethylated state, the e-nitro-
gen of lysine carries three hydrogen atoms and a positive charge. In methylated state,
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the hydrogen atoms are substituted by methyl groups (-CHs). With each addition of a
methyl group, the size and hydrophobicity of the lysine increases, whereas its potential
to form H-bonds decreases. The charge of +1, however, remains constant (Luo 2018;
Taverna et al. 2007). Acetylation of the e-nitrogen of lysine results in the neutralization

of its positive charge, and hence can interfere with the formation salt bridges, for ex-

ample in DNA interaction (Christensen et al. 2019).
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Figure 16: Post-translational modification (PTM) of histones defining the local chromatin states. A) Ly-
sines (K), arginines (R), serines (S) or threonines (T) on histones tails are target for various PTMs. The
modifications are either associated with active or repressive chromatin states. Figure taken from Sawan
and Herceg (2010). B) Different modification states of lysine (K), arginine (R), serine (S), threonine (T),
and tyrosine (Y) residues. mel/2/3, mono-/di-/trimethylation; ac, acetylation; me2s, symmetric dimethyl-
ation; me2a, asymmetric dimethylation; Cit, citrinullation; ph, phosphorylation. Figure adopted from Ta-

The histone PTMs are introduced by so-called ‘writers’, which are enzymes capable to
transfer a chemical group to a specific residue. Two examples of this are histone lysine
methyltransferases (HKMTs) or histone acetyl transferases (HATs). Although the
PTMs are covalently attached, they can be actively removed by ‘erasers’, for instance
histone lysine demethylases (KDMs) or histone deacetylases (HDACs). The readout
of the histone PTMs is performed by ‘readers’, which can specifically recognize a single
mark or even a combination of multiple marks, and then induce downstream processes
(Podobinska et al. 2017; Ueda and Seki 2020).

In this chapter, a selection of five histone PTMs (H3K4me3, H3K9me3, H3K27me3,
H3K27ac, and H3K36me3) is described in more detail, as their dynamics were inves-
tigated in the context of de novo DNA methylation in this PhD work. Thereby, the focus

is set on the occurrence of these marks, their regulator function, and the enzymes
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involved in their control. Finally, their interplay with DNA methylation is elucidated, in
order to gain an insight into the complex regulatory mechanisms of these epigenetic

marks.

1.6.1 Histone 3 lysine 4 trimethylation

The trimethylation of histone H3 at lysine 4 (H3K4me3) was first described as a mark
associated with gene activation in the transcriptionally active macronuclei of Tetrahy-
mena, and its presence could also be experimentally proven in the human Hela cell
line (Strahl et al. 1999). At the promoters of active genes, H3K4me3 accumulates in a
defined pattern around the TSS. The DNA region at the positions —200 to +50 relative
to the TSS is generally depleted in nucleosomes, and it is highly accessible at these
sites. H3K4me3 is strongly enriched at the nucleosome next to this gap, where the
H3K4me3 peak downstream of the TSS is more prominent. At these sites, H3K4me3
is flanked by H3K4me2 (-500 and +700) and H3K4me1l (-900 and +1000). The height
and width of H3K4me1/2/3 peaks are closely correlated with the levels of gene tran-
scription (Barski et al. 2007; Heintzman et al. 2007; Howe et al. 2017; Thurman et al.
2012). H3K4me3 can also co-occur with the silencing mark H3K27me3 and together
form bivalent domains at specific developmental genes, which will be elucidated in

more detail in the chapter ‘Histone 3 lysine 27 trimethylation’ (Bernstein et al. 2006).

The TATA-Box Binding Protein Associated Factor 3 (TAF3) is a reader of H3K4me3.
It recruits the general initiation factor TFIID multi-protein complex to the core promoter,
and thus induces the formation of the transcription preinitiation complex (PIC) (Lau-
berth et al. 2013). This mechanism provides a direct link between H3K4me3 and gene
activation, and is supported by the observation that the occupancy of H3K4me3 is cor-
related with RNA polymerase Il (RNAPII) at active promoters (Figure 17A) (Heintzman
et al. 2007).

To date, at least six different histone methyltransferase (HMTases) have been identi-
fied in humans which are capable to methylate H3K4 with their AdoMet-dependent
SET domain. These enzymes are mixed-lineage leukemia 1 — 4 (MLL1-4, also KMT2A-
D), as well as the SET domain-containing protein 1A (SETD1A, also KMT2E) and 1B
(SETD1B, also KMT2F). They are all parts of multi-protein complexes which belong to
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the family of so-called COMPASS-like complexes. These complexes in turn are subdi-
vided into a WRAD complex and contain additional variable subunits (Figure 17B).
SETD1A/B-COMPASS-like complexes are solely responsible for the trimethylation of
H3K4, whereas MLL1/2-COMPASS-like complexes are restricted to mono- or di-
methylation, and MLL3/4-COMPASS-like complexes to monomethylation. The methyl
groups on Lys4 can be dynamically removed by specific demethylase enzymes, of
which seven have been described in humans. Of these, the four KDM5A-D family
members and nuclear protein 66 (NO66) are capable to demethylate H3K4me3 and
H3K4me2 with their Jumonji C (JmjC) domain, using Fe(ll) and aKG as co-factors.
(Collins et al. 2019; Hyun et al. 2017; Shilatifard 2012).
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Figure 17: A) Heatmaps showing the signals of DNA methylation (DNAme), H3K4me3, and RNA Polymer-
ase Il (RNA Pol2) at CpG islands (CGI) in HEK293 cells, sorted by DNAme signal intensity. DNAme enrich-
ment is strongly anticorrelated with H3K4me3 and RNA Pol2 occupancy. Adopted from Jeltsch et al. (2019).
B) Composition of COMPASS-like complexes. All complexes contain a WRAD complex, and differ by the
histone methyltransferase subunit, and by additional subunits. Figure taken from (Collins et al. 2019).
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In general, H3K4me3 and DNA methylation are strongly anti-correlated (Figure 17A),
and loss of H3K4me3 at certain genomic loci was associated with the concurrent gain
of DNA methylation at the same sites in mouse ES cells (Meissner et al. 2008). A
similar observation was made in the human HepG2 cell line, where H3K4me3 and DNA
methylation were mutually exclusive at gene promoters (Zhang et al. 2009). As previ-
ously described in the chapter ‘DNMT3 family’, the DNA methyltransferases of the
DNMT3 family contain an ADD domain, which autoinhibits the activity of the catalytic

domain. While binding of ADD domain to H3K4meO induces a conformational change
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and activates the enzyme, trimethylated H3K4 cannot be bound. This mechanism pro-
tects H3K4me3-marked active promoters against aberrant DNA methylation by
DNMT3 enzymes (Jeltsch and Jurkowska 2016).

Vice versa, the presence of DNA methylation can also affect the deposition of H3K4
methylation. A local intermediate DNA methylation density allows the enrichment of
the enhancer mark H3K4me1l, while regions with low DNA methylation are more sus-
ceptible for trimethylation of H3K4. This discriminative effect between methylation
states can be explained by the lack of a CXXC domain in the monomethyltransferases
MLL3 and MLL4, responsible for the recognition of unmethylated CpG sites. In con-
trast, a CXXC domain is present in MLL1 and MLL2, whereas SETD1A and SETD1B
interact with the CXXC domain-containing protein CFP1. Hence, the CXXC domain
can guide the COMPASS complexes to loci with low DNA methylation and facilitate
the introduction of higher H3K4 methylation states (Hashimoto et al. 2010; Sharifi-
Zarchi et al. 2017).

1.6.2 Histone 3 lysine 9 trimethylation

The trimethylation of histone 3 at Lys9 (H3K9me3) is a well-studied histone PTM
closely connected with the formation of constitutive heterochromatin. This modification
is strongly enriched in late-replicating pericentric heterochromatin and in repetitive se-
guences. Endogenous retroviruses (ERVS) and LINEs are marked with H3K9me3,
which retains them in a repressed state, and thus preserves genomic stability.
H3K9me3 is often found at silent gene promoters, and principally associated with gene
repression (Barski et al. 2007; Ernst et al. 2011; Rice et al. 2003; Wu et al. 2005).
Moreover, it was shown that H3K9me3-marked chromatin controls telomere length,
and is required for accurate mitotic segregation (Garcia-Cao et al. 2004; Martins et al.
2020).

Various HMTases have been described in mammalian cells, which include Suppressor
of variegation 3-9 homolog 1 (SUV39H1) and 2 (SUV39H2), Euchromatic histone-ly-
sine N-methyltransferase 2 (EHMTZ2, also G9a), G9a-like protein (GLP), SET domain
bifurcated 1 (SETDB1) and 2 (SETDB2), and members of the PR/SET Domain (PRDM)

family. Besides the PRDMs, all of these proteins are SET domain-containing enzymes,
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and use AdoMet as cofactor. In vivo, G9a and GLP together form heterodimers, and
are able to mono- and dimethylate H3K9 at euchromatic regions. At promoters,
G9a/GLP can oligomerize, and hence spread the H3K9me1/2 mark over multiple nu-
cleosomes. SETDB1 has the capability to introduce all three methylation states at
H3K9. Likewise, SUV39H1/2 can mono-/di-/trimethylate H3K9 in vitro. However, at pe-
ricentromeric regions, SUV39H1/2 uses H3K9mel, as a substrate to di-/trimethylate
H3K9, which has to be established by SETDB1 beforehand (Hyun et al. 2017; Mona-
ghan et al. 2019; Zhu et al. 2020). Another study showed that PRDM3 and PRDM16
also contribute to the monomethylation of H3K9 (Pinheiro et al. 2012).

SETDB1 can form a complex with a KRAB domain-containing zinc-finger proteins
(KRAB-ZFP) and KRAB domain-associated protein 1 (KAP-1), and is recruited to spe-
cific genomic loci where it introduces H3K9 trimethylation (Figure 18A). Alternatively,
MBD1 can direct SETDBL1 to regions which contain DNA methylation (Figure 18B) (Zhu
et al. 2020). In a different mechanism, SUV39H1/2 deposits H3K9me3 at loci, and then
reads its newly established mark via its chromodomain. Subsequently, it continues to
methylate the adjacent nucleosome, leading to the spreading of the mark (Hyun et al.
2017).

The formation of constitutive heterochromatin is facilitated by the binding of HP1 to
H3K9me3. HP1 is composed of a chromodomain, responsible for H3K9me3 readout,
as wells as a chromoshadow domain, inducing the homodimer formation and bridging
between two H3K9me3 nucleosomes. The spreading of the H3K9me3 mark by
SUV39H1/2 is followed by the continuous association of HP1, and eventually results
in chromatin condensation (Figure 18C) (Al-Sady et al. 2013; Machida et al. 2018).
There is increasing evidence that the accumulation of HP1a above a certain threshold
locally induces a phase separation, and the formation of liquid-like droplets at HP1a

heterochromatin (Larson and Narlikar 2018).

Several studies have shown that SETDB1 and SUV39H1/2 are capable to directly in-
teract with HP1, but also with different DNMTSs, thus providing a direct link between
H3K9 methylation and DNA methylation (Fuks et al. 2003b; Li et al. 2006). However,
DNA methylation set by DNMT3B as a consequence of SUV39H1/2-dependent recruit-

ment was only observed at pericentric repeats, but not at centromeric repeats. Vice
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versa, the knockout of DNMTs did not affect H3K9me3 levels at pericentric heterochro-
matin (Lehnertz et al. 2003). These observations indicate that the complex regulatory
network involving various H3K9 HMTases and DNMTs may have to be revised or re-

fined in parts.
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Figure 18: Epigenetic mechanisms explaining the establishment of H3K9 trimethylation at different genomic
loci. A) Complex formation of SETDB1 with KAP1, and KRAB Zinc finger protein (KRAB-Zfp). KRAB-Zfp-
mediated recruitment is DNA sequence-specific, and enables the introduction of H3K9 trimethylation by
SETDBI1. The subsequent association of HP1, HDAC/mSin3 corepressor complex or Mi-2/NuRD leads to
the establishment of a repressed epigenetic state. B) MBD1 binds to methylated (me) DNA, and recruits
SETDBI1 for the establishment of H3K9me3, further stimulated by ATF7IP. The co-recruitment of DNMT3en-
zymes or HP1 enforces the induction of a repressed chromatin state. The figures in A) and B) were taken
from Zhu et al. (2020). C) Spreading of H3K9me3 by SUV39H1/2. At the edge of the initiation zone,
SUV39H1/2 reads a H3K9me2/3 via its chromodomain (CD) and methylates the adjacent nucleosome. The
fresh mark then serves as an anchor point for successive SUV39H1/2 binding and spreading ofH3K9me3.

HP1 recognizes H3K9me2/3 and induces heterochromatin. Figures adopted from Al-Sady et al. (2013).

On top of this, UHRF1 has been identified to be an additional player directly connecting
H3K9me3 and DNA methylation. As described in the chapter ‘DNMT1’, UHRF1 is a
critical interaction partner of DNMT1 for the maintenance of DNA methylation during
replication. UHRF1 reads the H3K9me2/3 mark with its TTD, recruits DNMT1 to the
replication fork and stimulates its catalytic activity (Figure 11) (Greenberg and
Bourc'his 2019). It was shown that the knockout of UHRF1 in mouse embryos was
entailed by severe hypomethylation of retrotransposons and imprinting control regions
(Sharif et al. 2007). Overall, the association of UHRF1 and DNMT1 at H3K9me3-
marked regions has significant implications for the (re-)establishment of global meth-

ylation patterns.
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1.6.3 Histone 3 lysine 27 acetylation

The acetylation of histone 3 at Lys27 (H3K27ac) is a PTM strongly associated with
gene activation, and can be foremost found at active promoters or enhancers. More
precisely, H3K27ac shows the strongest correlation with gene expression at high CpG
content promoters, and coincides with DNAse hypersensitive sites. The highest peaks
of H3K27ac are localized around 100 bp downstream, and 300 bp upstream of the
TSSs (Ernst et al. 2011; Karli¢ et al. 2010). Besides H3K27ac, active promoters are
usually decorated with additional acetylated lysine residues at histone tails, which in-
clude H2AK9ac, H2BK5ac, H3K9ac, H3K18ac, H3K27ac, H3K36ac and H4K91lac
(Wang et al. 2008). Thereby, the acetylation neutralizes the positive charge of the his-
tone tails, leading to a decreased interaction with the negatively charged phosphate
backbone of the DNA, and thus to an increased chromatin accessibility (Verdone et al.
2006). In vivo experiments showed that H3K27ac stimulates RNAPII activity by about
50 %, which is attained by an accelerated process of transcription initiation, and a

faster transition to elongation (Stasevich et al. 2014).

While H3K27ac at promoters was shown to be cell-type-invariant, its enrichment at
different enhancers is very cell-type-specific among various human cell lines (Heintz-
man et al. 2009). The presence of H3K27ac is the defining criterion for the activity of
an enhancer, whose states can be classified as either ‘repressed’, ‘primed’ or ‘active’
(Figure 19) (Atlasi and Stunnenberg 2017). In the process of enhancer activation,
H3K27ac is established by the highly homologous co-activators P300 and CREB bind-
ing protein (CBP), which are both histone acetyltransferases (HATS) using acetyl-CoA
as a cofactor. Active RNAPII was shown to be present at H3K27ac-marked enhancers,
and required for the transcription of enhancer RNA (eRNA). The loss of P300/CBP-
dependent H3K27ac at enhancers resulted in a reduced eRNA production (Raisner et
al. 2018; Santa et al. 2010).

Enhancer priming and activation are also accompanied by the oxidation of 5mC to
5hmC, which contributes to chromatin opening, and is facilitated by TET enzymes.
5hmC levels are intermediate in primed enhancers containing only H3K4mel, and the
highest in H3K4mel/H3K27ac-marked active enhancers (Mahé et al. 2017,
Tsagaratou et al. 2014). TET1 was shown to be enriched at enhancers marked by
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H3K4mel (Yildirim et al. 2011). Knockout of Tet2 in mouse ES cells lead to DNA hy-
permethylation of enhancers and depletion of H3K27ac. Conversely, the triple-knock-
out of Dnmtl, Dnmt3a and Dnmt3b resulted in DNA hypomethylation and gain of
H3K27ac at enhancers, an effect that could be recovered after reconstitution of the
DNMTSs. These observations support a model in which DNA methylation acts upstream
of H3K27ac in the hierarchy of enhancer activation (Hon et al. 2014; King et al. 2016).
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Figure 19: Schematic depiction of enhancer activation and inactivation, illustrating the central role of
H3K27ac in defining enhancer activity states. Inactive enhancers are depleted in H3K27ac, and pioneer
transcription factors induce the decompaction of chromatin. Enhancer priming is induced by DNA methyla-
tion (5mC) loss and H3K4mel deposition. Acetylation of H3K27 leads to enhancer activation and enables
enhancer RNA (eRNA) expression. Enhancer decommissioning is initiated by deacetylation of H3K27,
H3K4mel loss, and gain of 5mC. Taken from Atlasi and Stunnenberg (2017).

The acetylation of H3K27 is a highly dynamic process. A study applying quantitative
proteomics revealed that the half-lives of this modification can actually fall below 30
minutes. This observation necessitates the involvement of specific histone deacety-
lases (HDACSs) actively removing the acetylation mark (Weinert et al. 2018). At least
eighteen HDACs (HDAC1-11 and SIRT1-7) of different classes have been identified
so far. HDAC1 and HDAC2 are components of Nucleosome Remodeling and Deacety-
lase (NuURD) multi-protein complexes. NURD complexes are constituted of seven core
components with varying composition, and in addition, they contain the DNA methyla-
tion-sensitive binding proteins MBD2 or MBD3 (Barneda-Zahonero and Parra 2012;
Basta and Rauchman 2015). It was demonstrated that MBD3 was capable to bind both,
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5hmC and unmethylated cytosine, and to be localized at active regulatory elements,
such as enhancers or promoters (Shimbo et al. 2013; Yildirim et al. 2011). In contrast,
MBD?2 specifically binds to 5mC with high affinity (Mellén et al. 2012). Hence, the NuRD
complex can discriminate between different modification states of cytosine by associ-
ating with either MBD2 or MBD3, and induce decommissioning of enhancers through
deacetylation of H3K27 (Basta and Rauchman 2015). The process of enhancer silenc-
ing is accompanied by the gain of 5mC by DNMTs, and demethylation of H3K4mel by
LSD1 (Figure 19) (Alajem et al. 2021; Whyte et al. 2012).

1.6.4 Histone 3 lysine 27 trimethylation

Trimethylation of H3 at Lys27 (H3K27me3) is a repressive histone PTM and constitutes
a specific chromatin state, termed ‘Polycomb group (PcG) chromatin’ (Filion et al.
2010). PcG chromatin can be characterized as facultative heterochromatin, which can
be temporally or locally decondensed, and thus represents a dynamic intermediate
state between euchromatin and constitutive heterochromatin. Due to these features,
PcG chromatin precisely controls the expression of key developmental genes, as for
instance the homeobox (HOX) genes, and can form large domains that span up to
more than 100 kb. In mouse embryos, the levels of H3K27 trimethylation strongly in-
crease after embyro implantation (Atlasi and Stunnenberg 2017; Trojer and Reinberg
2007). H3K27me3 also has a repressive function in X-chromosome inactivation (XCI)
(Brockdorff 2017). In addition, poised enhancers, which can be readily activated, or
inactive enhancers are frequently decorated with the H3K27me3 mark (Nguyen et al.
2015). The presence of H3K27me2/3 at promoters is anti-correlated with gene expres-
sion, whereas H3K27mel is localized around the TSS of actively transcribed genes
(Barski et al. 2007).

A subset of developmental genes, mostly coding for tissue-specific transcription fac-
tors, have a specific chromatin signature at their promotors, in which H3K27me3 and
H3K4me3 coincide. These so-called ‘bivalent’ domains hence contain a repressive and
an activating mark simultaneously and represent a poised promoter state (Nguyen et
al. 2015). Compared to monovalent PcG chromatin or constitutive heterochromatin,
bivalent domains exhibit the lowest repressive potential (Blomen and Boonstra 2011).
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At bivalent promoters, the H3K27me3 mark prevents pre-mature expression of line-
age-specific genes, while the presence H3K4me3 prepares the promoter for rapid
switching towards active gene expression (Azuara et al. 2006; Mikkelsen et al. 2007).
Hence, the removal of either of the modifications results in lineage-commitment of the
underlying gene. During differentiation, the epigenetic state can be reinforced by the
acquisition of additional modifications, such as H3K9me3 or DNA methylation (Figure
20) (Margueron and Reinberg 2011). For instance, the bivalent state can be resolved
by two different H3K27 demethylases, namely Ubiquitously-transcribed TPR protein

on the X chromosome (UTX), or Jumonji domain-containing protein 3 (JMJD3).
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Figure 20: Resolution of the H3K4me3/H3K27me3 bivalent chromatin state of PcG target genes during
development. In embryonic stem (ES) cells, bivalent domains are also enriched in H2Az, and the underlying
genes are sporadically expressed. In the course of cellular differentiation, H2Az is lost, and the lineage-
commitment of the genes is induced by the depletion of either the activating H3K4me3, or the inactivating
H3K27me3 mark. The loss of either mark leads to the stable repression or expression of the gene in somatic
cells, respectively. The repressive chromatin state is further reinforced by the acquisition of additional si-
lencing marks such as DNA methylation or H3K9me3. The figure is taken from Margueron and Reinberg
(2011) .

The deposition of all H3K27 methylation states is exclusively realized by the interplay
between the two Polycomb Repressive Complexes 1 and 2 (PRC1/2). PRC2 is com-
posed of four core subunits, which are Suppressor of zeste 12 protein homolog
(SUZ12), Enhancer of zeste homolog 1 or 2 (EZH1/2), Embryonic ectoderm develop-
ment (EED), and Retinoblastoma-binding protein P46/48 (RBAP46/48) (Hyun et al.
2017). SUZ12 exhibits multiple functions, as it stabilizes the complex, and enables a
locus-specific recruitment by binding to ncRNA. Both, EZH1 and EZH2 are SET do-
main-containing HMTases, responsible for H3K27 methylation. RBAP46/48 can inter-
act with H4, whereas EED has a critical role in the binding to H3K27me3, and stimu-
lates the activity of PRC2. Hence, EED-mediated PRC2 recruitment to pre-existing
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H3K27me3 allows the trimethylation of H3K27 at the neighboring nucleosome, and
serves as a positive feedback mechanism (Figure 21).

Moreover, H3K27me3 can be read by chromobox (CBX) proteins of PRC1, which then
mono-ubiquitinates histone H2A at Lys119 (H2AK119ub1l) via the cooperation of the
RING1A/B ubiquitin ligase, and the PCGF2/4 subunits (Nayak et al. 2011; Zhang et al.
2015). An additional PRC2 variant (PRC2.2) has been described which contains the
accessory subunits Jumonji/ARID domain-containing protein 2 (JARID2) and Adipo-
cyte enhancer-binding protein 2 (AEBP2). Recently, it was shown that JARID2 and
AEBP2 physically interact with H2AK119ub1 introduced by PRC1, and thereby stimu-
late PRC2.2 activity (Kasinath et al. 2021). In conclusion, PRC1 and PRC2 function in

a synergistic mechanism, which allows the spreading of the H3K27me3 mark over

large genomic domains (Zhang et al. 2015).
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Figure 21: Schematic depiction of the interdependence of polycomb repressive complexes (PRC) for
the establishment of the PcG chromatin at transcriptional start sites (TSS). The PRC2 core-subunit EED
recruits the complex to a H3K27me3-marked nucleosome, enabling it to trimethylate H3K27 at the ad-
jacent nucleosome via its EZH2 histone methyltransferase. The H3K27me3-reader CBX of PRC1 binds
to the modification, and allows the RING1A/B ubiquitin ligase, and the PCGF2/4 subunits to mono-
ubiquitinate H2A at Lys119 (H2AK119ub1l). Spreading of H2AK119ul is facilitated by the association of
a different PRC1 variant to the mark, and subsequent ubiquitination of the neighboring nucleosome. In
addition, H2AK119ul is recognized by the AEBP2/JARID2 subunits of PRC2.2, thereby stimulating

PRC? 2 activitv and the snreadinn nf HRK?27me2 Taken from 7hann et al (2015)

The interplay between H3K27me3 and DNA methylation is multifaceted and context-
dependent. Various studies analyzing the global distribution of 5mC and H3K27me3
demonstrated that both modifications are anti-correlated, and thus may act antagonis-
tically (Fu et al. 2020; Hagarman et al. 2013; Hon et al. 2012). One study conducting
sequential ChIP-bisulfite sequencing discovered a mutually exclusive distribution of
5mC and H3K27me3 at CGls (Brinkman et al. 2012). This was supported by the ob-

servation in hESCs, that high-CpG promoters of tissue-specific genes were enriched
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in H3K27me3, whereas medium- and low-CpG promoters were predominantly marked
by DNA methylation (Xie et al. 2013). Moreover, the loss of DNA methylation at CpG-
rich sequences was followed by PRC2 recruitment and the deposition of H3K27me3
(Lynch et al. 2012). This might be explained by the association of the PCR2 subunits
MTF2 and PHF1 to unmethylated, and CpG-rich sequences (Li et al. 2017). In addition,
TET enzymes can directly interact with PRC2 and maintain the hypomethylated state
at bivalent CGls, resulting in the protection of H3K27me3 against aberrant DNA meth-
ylation. At the same time, the DNMT3AL isoform can bind the flanking shores of biva-
lent promoters, and thus demarcate the bivalent domain by establishing DNA methyl-
ation (Kong et al. 2016; Manzo et al. 2017; Neri et al. 2013). Further studies showed
that a large fraction of DNA methylation canyons containing low levels of 5mC exhib-
ited strong enrichment of trimethylated H3K27 (Jeong et al. 2014; Zhang et al. 2020).

Despite the strong antagonism of H3K27me3 and DNA methylation at various genomic
elements, there is still plenty of evidence that both modifications can also co-exist at
the same locus and may also act synergistically. For instance, in hematopoietic cells,
all regions containing H3K27me3 displayed an average DNA methylation of around 43
% (Jeong and Goodell 2014). In HCT116 cells, high 5mC levels were also detected in
non-CGl promoters, genic and intergenic regions which were simultaneously marked
by H3K27me3. However, the same study also showed that in mouse ES cells, both
marks mainly co-occurred in regions with very low CpG density (Brinkman et al. 2012).
Intriguingly, Dnmt1l, Dnmt3a and Dnmt3b triple-knockout experiments in mouse ES
cells with subsequent rescue of Dnmt3a and Dnmt3b demonstrated the critical role for
DNA methylation for the maintenance of H3K27 trimethylation at several enhancers
and promoters (King et al. 2016). Moreover, EZH2 was shown to directly interact with
all DNMT enzymes, and thus recruit them to PRC2 target regions (Viré et al. 2006).
Hypermethylation of bivalent promoters was observed in mice with microcephalic
dwarfism, which was caused by a mutation in the PWWP domain of DNMT3A. The
consequent abrogation of H3K36me2/3-binding illustrated that this modification de-
tains DNMT3A from erroneous methylation of nearby bivalent promoters (Heyn et al.
2019).

A synergistic effect of H3K27me3 on DNA methylation could also be identified in can-
cer. Promoters enriched with H3K27 methylation were highly susceptible to acquire

aberrant DNA methylation in human colon, breast and prostate cancer cells. Genes
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with both modifications at their promoter were stronger repressed than those with indi-
vidual marks only (Schlesinger et al. 2007; Takeshima et al. 2015; Widschwendter et
al. 2007).

1.6.5 Histone 3 lysine 36 trimethylation

Numerous studies have illustrated the multi-faceted functions of trimethylated histone
3 Lys36 (H3K36me3) in the epigenome. In general, the enrichment of H3K36me3
within gene bodies was found to be correlated with transcript levels. ChIP experiments
in human cells and yeast showed that H3K36me3 is not evenly distributed over the
gene body of active genes. Instead, it is depleted at the transcriptional start sites (TSS)
and elevated towards the 3’ end of the genes (Figure 22A). The biased positioning of
nucleosomes at exons compared to introns is accompanied by elevated H3K36me3
levels at these sites. RNAPII however shows an inverse correlation, as it accumulates
at the 3’end of introns, and thus at the intron/exon boundaries (Wilhelm et al. 2011).
The enrichment of H3K36me3 at exons has a role for the alternative splicing of pre-
MRNA (Luco et al. 2010). Although H3K36me3 is mostly associated with active genes,
its presence in constitutive and facultative heterochromatin could be detected in mouse
ES cells (Chantalat et al. 2011). Moreover, the H3K36me3 modification is set at sites

of DNA double-strand break (Pfister et al. 2014).

In humans, eight H3K36 HMTases have been discovered so far, of which nuclear re-
ceptor-binding SET domain (NSD) 1-3 (NSD1-3), and SET Domain Containing 2
(SETD2) are regarded as the key actors. NSD1-3 are able to mono- or dimethylate
H3K36, while SETD?2 is the only enzyme known to introduce all methylation states up
to H3K36me3, at least in vitro. Albeit in vivo studies suggest that SETD2 requires
H3K36me1l/2 deposited by NSD1 and NSD2 in order to trimethylate H3K36 (Hyun et
al. 2017). It was shown that SETD2 binds to the C-terminal domain of the elongating
RNAPII and the splicing factor hnRNP. These interactions were critical for the deposi-
tion of H3K36me3 within gene bodies (Bhattacharya et al. 2021). The demethylase
KDMS5B is then recruited to the gene body, in order to remove intragenic H3K4me2/3,

and thus prevent cryptic transcription (Figure 22B) (Li et al. 2019).
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Figure 22: The deposition of H3K36 trimethylation at the gene bodies of actively transcribed genes. A)
Heatmaps showing the enrichment of RNA polymerase Il (RNA Pol2), H3K36me3, and DNA methylation
(DNAme) within gene bodies, sorted by RNA Pol2 signals. The presence of RNA Pol2 at the transpriptional
start sites (TSS) of active promoters coincides with the enrichment of H3K36me3 and DNAme in the gene
bodies. TES, transcriptional end site. Modified from Jeltsch et al. (2018). B) Deposition of H3K36me3 in
gene bodies through recruitment of SETD2 by the elongating RNAPII. MRG15 binds to H3K36me3, and
recruits the H3K4 demethylase KDM5B to remove intragenic H3K4me3. Accumulation of spurious
H3K4me3 is further prevented by FACT-mediated chromatin remodeling. DNMT3B binds to the H3K36me3
mark and introduces DNA methylation at the gene body. Figure adapted from Li et al. (2019).

Notably, DNA methylation is connected to similar genomic elements and epigenetic
mechanisms as H3K36me3. For instance, the presence of DNA methylation within
gene bodies is associated with active transcription of the underlying genes (Figure
22A). Moreover, DNA methylation is also involved in alternative splicing, and counter-
acts cryptic transcription (Jeltsch et al. 2018). As described for H3K36me3, DNA meth-
ylation was likewise found at pericentromeric heterochromatin (Bachman et al. 2001;
Chantalat et al. 2011). The strong co-occurrence of both epigenetic modifications was
also observed in mouse hematopoietic stem cells, where H3K36me3-marked regions

exhibited a strong average CpG methylation of 94 % (Jeong and Goodell 2014).

As already mentioned in the chapter ‘DNMT3 family’, the DNA methyltransferases
DNMT3A and DNMT3B contain a PWWP domain, which can bind to di- or trimethyl-
ated H3K36. However, different observations were made regarding the preference of
DNMT3APWWP for both methylation states (Dukatz et al. 2019; Sankaran et al. 2016;
Weinberg et al. 2019). In vivo experiments with full-length constructs or just the PWWP
domains revealed that DNMT3B had a strong preference for the binding to active gene
bodies, and thereby closely resembled the H3K36me3 pattern. In comparison,
DNMT3A binding showed a less defined distribution within gene bodies, and was

strongly enriched at intergenic regions. These regions contained high levels of
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H3K36me2 and ablation of NSD1/2, which introduce this mark, resulted in the redistri-
bution of DNMT3A towards H3K36me3-enriched regions (Baubec et al. 2015; Wein-
berg et al. 2019).

1.7 Targeted epigenome editing

Over the past decades, a plethora of severe diseases have been described, which can
be traced back to the dysregulation of epigenetic mechanisms, and result in aberra-
tions in the epigenetic landscape. For instance, erroneous DNA methylation of pro-
moter CGls has been found in various types of cancers (e.g. sporadic colorectal can-
cer), as well as in Alzheimer’s and Parkinson’s disease. Moreover, allele-specific hypo-
or hypermethylation at ICRs were shown to be the cause of imprinting disorders (e.qg.
BWS, Prader-Willi syndrome), and thereby leading to abnormal growth and mental re-
tardation (Egger et al. 2004; Portela and Esteller 2010). Similarly, the malfunction or
dysregulation of HATs (e.g. CBP in Rubinstein-Taybi-Syndrome), HDACs (e.g. HDAC2
in gastric cancer), HKMTs (e.g. MLL2 in Kabuki 1 Syndrome) or KDMs (e.g. UTX in
multiple myeloma) have been associated with deviations in the global pattern of his-
tone PTMs (Glozak and Seto 2007; Park et al. 2014; Rangasamy et al. 2013; Schulz
et al. 2019). These deviations from healthy epigenetic patterns are termed ‘epimuta-
tions’. They often result in the overexpression of tumorigenic genes or downregulation
of tumor suppressor genes. Epimutations can be somatically acquired and maintained
through cell division. When present in the germline, they can even be transmitted to
the next generation (Egger et al. 2004; Mossman and Scott 2006).

Hence, the reprogramming of epigenetic states and correction of epimutations is of
particular interest for potential clinical applications, but also for basic research in order
to gain a better understanding of the complex epigenome network. So far, changes in
the epigenome have predominantly been induced by pharmaceutical inhibitors, which
are providing limited spatial and temporal control. However, the recent development of
so-called ‘EpiEditors’ (also known as ‘EpiEffectors’) enables the editing of chromatin
states in a more sophisticated and controlled way. The most frequent design of an
EpiEditor implies the direct fusion of a chromatin-modifying enzyme to a DNA binding
domain (DBD). The DBD is required for the recognition of a desired DNA sequence in

the genome. To date, three programmable DBDs have been applied as fusion partners
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for targeted epigenome editing, which are Zinc finger (ZnF) proteins, transcription ac-
tivator-like effectors (TALE) arrays, and the Clustered Regulatory Interspaced Short
Palindromic Repeats (CRISPR) sequences with CRISPR-associated protein 9 (dCas9)
(CRISPR/Cas9) system (Figure 23) (Kungulovski and Jeltsch 2016; Laufer and Singh
2015).

In eukaryotic cells, ZnF domains of the C2H2 type are highly abundant, and particularly
present in a large variety of transcription factors. They are composed of an array of
multiple individual fingers, which all have a characteristic compact B@a fold, and are
stabilized by a zinc ion. One finger is capable of recognizing a 3-bp motif on the DNA.
This is facilitated by the docking of an a-helix to the major groove, and nucleotide-
specific contacts of three residues on the a-helical surface. Various positively charged
residues interact with the sugar/phosphate backbone, and thereby support the posi-
tioning of the fingers in the major groove of the DNA. Moreover, the linkers between
the fingers contribute to the appropriate spacing at the DNA. By modulating the linker
lengths and the residues involved in nucleotide recognition, a tandem array of ZnFs
can be designed, capable to bind a desired and unspaced DNA motif. Theoretically, in
order to target a unique sequence in the human genome, an array of six ZnFs is al-
ready sufficient as it can bind to an 18-bp motif (Kim and Kini 2017; Wolfe et al. 2000).

Zinc finger
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TAL effector _7 ‘

Figure 23: Schematic depiction of three programmable DNA binding domains (DBDs) for targeted epige-
nome editing approaches. The DBDs (green) are fused to a chromatin modifying effector domain (blue), to
induce changes in the epigenome. Each finger of the zinc finger protein binds to three bases on the DNA
(grey). In TAL effectors, one repeat reads a single base pair. The repeats can be arranged in an array to
recognize longer DNA sequences. Target-specific binding of the CRISPR/Cas9 system is facilitated by Wat-
son/Crick base-pairing of a guide RNA with a complementary DNA strand. Figure taken from Kungulovski

and Jeltsch (2016).

41



Gersbach et al. (2014) developed a toolbox for targeting almost each possible DNA
triplet by utilizing phage displays. In this process, they obtained a set of synthetic ZnFs,
which in parts were able to bind their intended motifs with an up to 100-fold improved
specificity in comparison to the naturally occurring variants (Gersbach et al. 2014). The
relatively small size of the ZnF proteins, and their capability to also bind to lowly-ac-
cessible chromatin makes them a useful targeting device for epigenome editing ap-
proaches. Though, they are still inferior in overall specificity compared to other availa-

ble targeting systems (Cano-Rodriguez and Rots 2016).

TALE proteins were originally discovered in the plant pathogen Xanthomonas, where
they play a critical role for the control of host gene expression after infection. The DNA
sequence readout of TALEs is enabled by a tandem array of 10 to 30 repeats, which
are mostly around 34 aa in length, and form a left-handed two-helix bundle. The re-
peats differ in two neighboring residues (position 12/13), also termed the ‘repeat vari-
able diresidue’ (RVD). Unlike the ZnF proteins, each RVD recognizes only one single
nucleotide. This property allows a straightforward design of an array of repeats that
can target a DNA sequence of interest. Importantly, TALEs exhibit a higher specificity
compared to ZnFs. However, their relatively large size poses a restrictive factor for
diverse therapeutic or biotechnological applications. In addition to that, the ZnF and
TALE systems are limited in flexibility, since the targeting of a different genomic locus
necessitates the complete redesigning of the corresponding domain (Bogdanove and
Voytas 2011; Gupta and Musunuru 2014; Mak et al. 2013).

The intricacy of target-dependent de novo protein design was overcome by the
CRISPR/Cas9 system. In 2012, the CRISPR/Cas9 derived from Streptococcus py-
ogenes was discovered as RNA-guided DNA endonuclease for programmable ge-
nome editing. In bacteria and archaea, CRISPR/Cas9 is involved in the adaptive im-
mune defense against pathogenic DNA. Parts of this foreign DNA are incorporated into
the host CRISPR locus. When expressed, the transcripts are further processed into
small CRISPR RNA (crRNA) of around 42 nt in length. In type Il systems, the crRNA
hybridizes with the trans-activating crRNA (tracrRNA) required for endonuclease ac-
tivity, followed by incorporation of the crRNA:tracrRNA hybrid into the Cas9 protein.
For genome engineering, this hybrid structure can be substituted by a single chimeric
RNA, also termed single guide RNA (sgRNA) of around 100 nt in length (Jinek et al.
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2012). The association of CRISPR/Cas9 to DNA results in the melting of the DNA dou-
ble strand and the formation of an RNA-DNA hybrid of 20 nucleotides. This interaction
depends on the presence of a protospacer adjacent motif (PAM), which is located di-
rectly downstream of the target DNA sequence and recognized by the C-terminal part
of the Cas9 protein (Anders et al. 2014). While the PAM motif was found to be 5-NGG-
3'in S. pyogenes, it varies among different bacterial species (Karvelis et al. 2015). The
seven nucleotides upstream of the PAM are called the ‘seed’ region, and most crucial
for CRISPR/Cas9 binding to its target sequence. In this region, the Cas9 protein intro-
duces a double strand break using its HNH nuclease and RuvC-like nuclease domains.
However, introduction of the D10A and H841A mutations were shown abrogate endo-
nuclease activity, and thus generated a deactivated Cas9 (dCas9) protein (Qi et al.
2013).

With this advancement, CRISPR/dCas9 could be utilized as a platform for targeted
epigenome editing without cleaving the underlying DNA. Since dCas9 association to
DNA is based on Watson/Crick base-pairing with the sgRNA, the system is highly ver-
satile. In order to target a different genomic locus, only the sgRNA has to be recloned,
instead of redesigning the entire protein as required for the ZnF- and TALE-based sys-
tems. However, diverging observations regarding the specificity of the CRISPR/dCas9
system were made in different studies (Kungulovski and Jeltsch 2016). A further ad-
vancement was the establishment of a multiplexed sgRNA expression vector, enabling
to target multiple loci simultaneously (Shao et al. 2018). Like the ZnF and TALE tar-
geting modules, dCas9 can be directly fused to a chromatin modifying domain, which
however limits the total number of effector domains at a certain target locus. For this
reason, Tanenbaum et al. (2014) developed the so-called SUperNova tag (SunTag)
system, allowing to non-covalently recruit up to 24 antibody (Ab)-fused effector do-
mains to a dCas9-fused GCN4 peptide repeat. Compared to the direct-fusion design
for EpiEditors, the SunTag system not only amplifies the local concentration of effector
domains, but also offers a higher protein flexibility, and a longer range for modifying
the local chromatin (Tanenbaum et al. 2014). Recently, an alternative tunable concat-
enated CC peptide tag (CCC-tag) system has been introduced by Lebar et al. (2020).
It functions by a similar principle as the SunTag system though utilizing specific coiled-

coll interactions for the recruitment of multiple effector domains (Lebar et al. 2020).
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Lastly, the Casilio system also allows the simultaneous multimerization of several ef-
fectors, though by a different mechanism. In this system, the sgRNA is designed to
contain multiple 8-mer sequences, which can be recognized by various Pumilio/FBF
(PUF) RNA-binding domains. By the direct fusion of different chromatin modifiers to
the PUFs, up to 25 effector domains can be recruited at the same time, and in a desired
arrangement (Cheng et al. 2016).

Over the past two decades, a multitude of studies have been published, demonstrating
the opportunities of epigenome editing, but also the challenges of stable reprogram-
ming of epigenetic states. Most groups thereby focused on the delivery of DNA meth-
ylation to gene promoters using the fusion of DNMT enzymes to the aforementioned
targeting modules. In breast cancer cells, the deposition of 5mC to the SOX2 and
Maspin promoters by the fusion of the DNMT3A catalytic domain (3AC) to a ZnF was
found to be stable, but not very efficient (Rivenbark et al. 2012). The de novo DNA
methylation of the VEGFA locus using the same construct, however, was shown to be
unstable after depletion of the EpiEditor, and accompanied by only transient gene si-
lencing. In the same experimental setup, DNA methylation efficiency was higher when
using a single-chain construct with the C-terminal part of DNMT3L (ZnF-3AC-3LC) in-
stead of ZnF-3AC only (Kungulovski et al. 2015; Siddique et al. 2013). The same ob-
servation was made by Stepper et al. (2017), illustrating the increased activity of 3AC-
3LC compared to 3AC when fused to dCas9 (Stepper et al. 2017). In addition, dCas9-
3AC-3LC-mediated DNA methylation in the CDKN2A and RASSF1 promoters was sta-
bly maintained in myoepithelial cells for several weeks (Saunderson et al. 2017). Am-
abile et al. (2016) utilized the TALE- and dCas9 systems in combination with 3AC and
3AC-3LC in a hit-and-run approach. They observed a rapid, but transient loss of re-
porter gene expression after DNA methylation editing, but only low silencing potential
by the mark. However, the co-expression of ZnF-KRAB resulted in a strong and stable
repression of the reporter gene (Amabile et al. 2016). In contrast, another study
showed that the transient recruitment of the DNMT3B catalytic domain (3BC) was suf-

ficient for stable reporter gene silencing (Bintu et al. 2016).

A major disadvantage of EpiEditors which are based on the direct fusion of a DNMT
with a targeting module are the undesired off-target effects. This problem was over-
come by the combination of the dCas9-SunTag with an Ab-fused 3AC (Ab-3AC), not

only showing an improved methylation efficiency at the target locus, but also strongly
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reduced off-target effects compared to the direct-fusion systems (Huang et al. 2017,
Pflueger et al. 2018). Morita et al. (2016) modified the dCas9-SunTag system by intro-
ducing longer linkers between the GCN4 repeats, and combining the Ab-fused TET1
catalytic domain (Ab-TET1(CD)) as well as the sgRNA into a single vector. With this
design, they were able to demethylate the H19 ICR in mouse fetuses with good effi-

ciency (Morita et al. 2016).

Targeted epigenome editing was also successfully applied for the introduction or re-
moval of histone PTMs. The deposition of H3K9me2/3 at the VEGFA promoter by a
ZnF-GLP construct was shown to be lost after several days, and induced a transient
reduction in gene expression (Kungulovski et al. 2015). A different group showed that
the targeting of dCas9-HDAC3 to the Mecp2 promoter resulted in the loss of H3K27ac,
and the repression of the associated gene (Kwon et al. 2017). Combinatorial editing of
H3K27me3 and DNA methylation with dCas9-EZH2 and dCas9-3AC-3LC respectively
lead to the stable repression of the HER2 gene, and maintenance of both modifications
(O'Geen et al. 2019). Vice versa, the re-activation of gene expression was also
achieved in several studies by the targeting promoter or enhancer sequences with
dCas9 fusion proteins containing either PRDM9 (H3K4 HMTase), DOT1L (H3K79
HMTase) or P300 (HAT) (Cano-Rodriguez et al. 2016; Hilton et al. 2015).
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2. Principal aims of the study

DNA methylation is an epigenetic signal associated with multiple regulatory processes
such as gene silencing, repression of transposons or genomic imprinting. Dysregula-
tion of DNMTSs, or mutations within the enzymes result in the establishment of aberrant
DNA methylation patterns that can cause various severe diseases (Greenberg and
Bourc'his 2019). Over the past decades, substantial progress has been made in char-
acterizing the complex mechanistic crosstalk between DNA methylation and certain
histone post-translational modifications (Jeltsch et al. 2019). However, varying obser-
vations were made regarding the repressive capacity of de novo DNA methylation in-
troduced by EpiEditors, the long-term stability of the mark, and hence the requirement
for the co-delivery of specific histone PTMs. These diverging results may be attributed
to differences in the experimental settings (Amabile et al. 2016; Bintu et al. 2016;
Kungulovski et al. 2015).

The aim of the main project of this PhD thesis was to continue the work of Kungulovski
et al. (2015), and explore the stability and downstream effects of de novo DNA meth-
ylation on a genome-wide scale. For this purpose, a stable HEK293 cell line should be
established, capable of expressing the ZnF-3AC fusion construct in the presence of
Doxycycline. In a hit-and-run-approach, the EpiEditor could then introduce DNA meth-
ylation globally, due to the promiscuous binding of the ZnF protein to several genomic
binding sites. To determine the actual genomic targets of the ZnF, ChlP-seq experi-
ments should be conducted. Subsequently, the differential stability of DNA methylation
should be explored with temporal resolution. As amplicon-based bisulfite sequencing
only allows to detect genomic DNA methylation levels in a small subset of target re-
gions, the goal was to develop an MBD2-pulldown assay for the global analysis of 5mC
dynamics. In addition to that, it was of great interest to investigate the local chromatin
states, and identify specific states allowing or preventing the preservation of DNA
methylation over long periods of times. Vice versa, the effects of de novo DNA meth-
ylation on various histone PTMs, and on gene expression should be investigated at
different experimental time points. By this means, the causative effects of DNA meth-
ylation on the epigenome network should be revealed at thousands of different ge-

nomic loci.
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In a second project, the goal was to develop a CRISPR/dCas9-based targeting device
for the deposition of de novo DNA methylation with high efficiency and maximum spec-
ificity. This is of particular interest for potential therapeutic applications, since unde-
sired off-target effects of EpiEditors still represent a major concern about these tech-
niques (Kungulovski and Jeltsch 2016). For this reason, it was planned to compare
different EpiEditing systems for the target-specific introduction of DNA methylation side
by side. First, the direct fusion of 3AC and 3AC-3LC to dCas9 should be compared to
the novel dCas9-10xSunTag system, in which the DNMTSs are recruited to the targeting
module after fusion to an antibody against the GCN4-peptide. As previous studies al-
ready reported a high specificity and good DNA methylation efficiency of 3AC in the
context of the dCas9-10xSunTag system (Pflueger et al. 2018; Tanenbaum et al.
2014), the objective was to engineer 3AC mutants in direct fusion to 3LC, exhibiting an
increased on-target activity with low off-target effects. The improved properties of the
new constructs should then be globally validated by performing MBD2-seq.

Finally, a third project aimed to reprogram the H19/IGF2 imprinting control region in
HEK?293 cells. This approach, in principle, is of high clinical relevance, as this locus is
hypermethylated on the maternal allele in patients with Beckwith-Wiedemann syn-
drome or in Wilms’ Tumor (Moulton et al. 1994; Nativio et al. 2011). It was planned to
demethylate the ICR, utilizing a dual vector system, coexpressing an antibody-fused
TET1 catalytic domain together with a modified dCas9-5xSunTag construct. By co-
transfecting the cells with a multi-sgRNA plasmid, the EpiEditing system was intended
to bind next to multiple CpG-rich motifs within the ICR, and induce demethylation at
these sites. The initial loss of DNA methylation and the stability of its reduction should
then be determined by MBD2-qPCR or amplicon-based bisulfite sequencing. Moreo-
ver, it was previously shown that the insulator protein CTCF was able to bind these
CpG-rich motifs in unmethylated state, and thereby block the accessibility of a down-
stream enhancer towards the IGF2 promoter (Hark et al. 2000). Thus, the goal was to
quantify the CTCF occupancy after targeted demethylation of the ICR by conducting
ChIP-qPCR.
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3. Materials and methods

3.1 Molecular cloning

The plasmids employed in this work were cloned by utilizing various cloning strategies.
Usually, to insert a DNA fragment into a vector, restriction- and ligation-based cloning,
or the Gibson assembly method was applied (Gibson et al. 2009). Mutants of the
DNMT3A catalytic domains were generated by site-directed mutagenesis, which is a
megaprimer-based approach to introduce a desired point mutations (Jeltsch and Lanio
2002). Restriction-free (RF) cloning was used for the exchange of the fluorophore
within the dCas9-3AC(-3L) direct fusion plasmids (van den Ent and Lowe 2006). Fi-
nally, the single sgRNA plasmids were prepared using a modified Golden Gate cloning
protocol (Shao et al. 2018). A list of all constructs applied in the studies can be found
in Table 1. The cloned plasmids were either transformed into One Shot™ StbI3™
chemically competent cells (Thermo Fisher Scientific) or XL1-Blue electrocompetent
cells (Agilent Technologies). Positive clones were usually identified by colony PCR,
and then used for minipreparations of plasmid DNA, utilizing the NucleoSpin Plasmid
kit (Macherey-Nagel). The validity of the sequences was analyzed by Sanger sequenc-
ing (Microsynth AG), followed by large-scale isolation of plasmid DNA using the Plas-
mid Midi Kit (QIAGEN).

Table 1: List of plasmids generated for the experiments of this work. Additional information about

the applied cloning method, and collaborators involved in cloning procedure is shown. JB = Julian
Broche, LL = Laura Laistner, PB = Dr. Pavel Bashtrykov, DH = Daniel Hofacker.

Project Plasmid Method Clone
d by

Genome_-WIde pAdTrack-CMV-ZnF-3xHA--CMV-eGFP Gibson cloning JB
methylation
Genome-wide pSIN-TRE3G-ZnF-3AC(WT)-FLAG-IRES- Gibson cloning IB
methylation GFP--PGK-Neo
Genome-wide pSIN-TRE3G-3AC(WT)-FLAG-IRES-GFP-- | Gibson cloning

. JB
methylation PGK-Neo
Genome-wide pSIN-TRE3G-ZnF-3AC(E752A)-FLAG- Gibson cloning IB
methylation IRES-GFP--PGK-Neo
Genome-wide pSIN-TRE3G-ZnF-3AC(WT)-FLAG-IRES- Restriction enzyme IB
methylation dTomato--PGK-Hygro cloning
Genome-wide pMSCV-LTR-Ren.660--PGK-Neo-IRES- Restriction enzyme

. . JB
methylation GFP cloning
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Genome-wide

PMSCV-LTR-TET1.2851--PGK-Neo-IRES-

Restriction enzyme

methylation GFP cloning L=
Genome-wide pPMSCV-LTR-TET2.617--PGK-Neo-IRES- Restriction enzyme IB
methylation GFP cloning

Genome-wide PMSCV-LTR-TET3.9887--PGK-Neo-IRES- | Restriction enzyme IB
methylation GFP cloning

Engineering of : i ) i .

effector domains CMV-dCas9-3AC(WT)-3xFLAG-tagBFP RF cloning JB/LL
Engineering of CMV-dCas9-3AC(WT)3L-3xFLAG-tagBFP | RF cloning JBILL
effector domains

Engineering of SV40-dCas9-10xSunTag-P2A-tagBFP- Restriction enzyme IB
effector domains WPRE cloning

Engineering of SFFV-Ab-3AC(WT)-3xFLAG-S{GFP-GBL | Rcswictionenzyme | pg
effector domains cloning

Engineering of SFFV-Ab-3AC(WT)-3L-3XFLAG-sfGFP- Site-directed PB
effector domains GB1 mutagenesis

Engineering of SFFV-Ab-3AC(K766E)-3L-3xFLAG-sfGFP- | Site-directed PB
effector domains GB1 mutagenesis

Engineering of SFFV-Ab-3AC(R831E)-3L-3XFLAG-sfGFP- | Site-directed PB
effector domains GB1 mutagenesis

Engineering of SFFV-Ab-3AC(K844E)-3L-3xFLAG-sfGFP- | Site-directed PB
effector domains GB1 mutagenesis

Engineering of SFFV-Ab-3AC(R885A)-3L-3XFLAG-sfGFP- | Restriction enzyme IB
effector domains GB1 cloning

Engineering of SFFV-Ab-3AC(R887E)-3L-3XFLAG-sfGFP- | Site-directed PB
effector domains GB1 mutagenesis

Engineering O.f U6-sgRNA(ISG15)--CMV-dsRed Golden Gate cloning | LL
effector domains

EEINEERIE O.f U6-sgRNA(scr)--CMV-dsRed Golden Gate cloning | PB
effector domains

Demethylation of pCAG-dCas9-5xSunTag(22aa-linker)-- Restriction enzyme IB
ICR SFFV-Ab-TET1(CD)-IRES-GFP cloning

Demethylation of pCAG-dCas9-5xSunTag(22aa-linker)-- Restriction enzyme IB
ICR SFFV-Ab-(empty)-IRES-GFP cloning

Demethylation of multi-sgRNA1-5(ICR)--CMV-dsRed Golden Gate cloning | DH

ICR
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3.2 Cell culture experiments

3.2.1 Cell maintenance

All experiments utilizing dCas9-based epigenome editing were carried out with the Hu-
man Embryonic Kidney 293 (HEK293) cell line which has been established by Graham
etal. (1977), and was purchased from DSMZ (Braunschweig, Germany). HEK293 cells
are tumorigenic, and suspected to originate from the neuronal lineage or the embryonic
adrenal precursor structure. Furthermore, they display a hypertriploid karyotype with
varying numbers of chromosomes (n = 62 - 78), and due to the lack of a Y chromo-

some, they are regarded as female (Stepanenko and Dmitrenko 2015).

For the experiments which required the generation of stable cell lines, HEK293 cells
expressing the ecotropic receptor (HEK293R) at the cell surface were used. By this
means, the cells could be transduced by vectors pseudotyped with murine ecotropic
envelope under biosafety level 1 conditions, as these vectors are considered non-in-
fections for human cells (Schambach 2012) (Schambach et al. 2006). The HEK293R
cell line was previously established as described in Appendix 1, and kindly provided
by Dr. Max Emperle. HEK293 and HEK293R cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Sigma-Aldrich, Inc.) supplemented with 10 % fetal bo-
vine serum (FBS, Sigma-Aldrich, Inc.), 4 mM L-glutamine (Sigma-Aldrich, Inc.), 100
U/ml penicillin, and 100 ug/ml streptomycin (Sigma-Aldrich, Inc.), and will be hereinaf-
ter referred to as DMEM®*. They were grown in an incubator at 37°C, 5 % CO2, and a
relative humidity of 95 %. When the cells reached a confluency of around 90 %, they
were split by washing with Dulbecco’s Phosphate Buffered Saline without MgCl2
(DPBS") (Sigma-Aldrich, Inc.), immersing with Trypsin-EDTA solution (Sigma-Aldrich,
Inc.) and incubating at 37°C. After detachment, the cells were resuspended in DMEM*

and a fraction of the cells was re-transferred into a vessel for adherent cells.

3.2.2 Transient transfection

The transient transfection of HEK293 cells with the pAdTrack-CMV-ZnF-3xHA plasmid
was accomplished with the cationic polymer polyethylenimine (PEI) MAX 40k (Pol-
ysciences). A more detailed description of the experimental procedure can be found in
Appendix 1. For the dCas9-mediated epigenome editing experiments, the lipid-based
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FUGENE® HD transfection reagent was utilized, as it was reported to cause only low
effects on the global gene expression, but offers high transfection efficiency (Jacobsen
et al. 2009). For more precise information about the respective transfection conditions,
please refer to Appendix 2. The relative amount of plasmid DNA was adjusted for the
ICR demethylation studies, since a dual vector was used in this experiment, coding for
the dCas9-5xSunTag targeting module, and the Ab-TET1 effector domain. While the
amount (500 ng) of the multi-sgRNA plasmid remained constant, 9 ug of the dual vector
(Table 1) was applied for the transient transfection of HEK293 cells in a 10-cm petri

dish. The sgRNA sequences used for targeting the ICR are shown in Table 2.

Table 2: Sequences of the guide RNAs for multiplexed targeting of the H19/IGF2 imprinting con-
trol region

Single guide RNA name Sequence (5’ — 3’)

SgRNA5 CCCCAGTTTGGGCGGGCTC
SgRNAG6 TCTCACCGCCTGGATGGCA
SgRNA7 GGGCGAACCCCATCCAGGG
SgRNAS8 CGCCCCGATGGTGCAGAAT
SgRNA9 TGCCCTGATGGCGCAGAAT

3.2.3 Generation of stable cell lines

Various stable HEK293R cell lines were established which are capable of co-express-
ing a (ZnF-)3AC construct together with a fluorophore over an IRES. Thereby, the ex-
pression can be controlled by a doxycycline (dox)-inducible TRE3G promoter. In addi-
tion, an antibiotic selection marker is constitutively expressed (Figure 24A). The cell
lines were generated as previously described by Rathert et al. (2015). For the produc-
tion of murine stem cell virus (MSCV) particles, which are able to infect HEK293R cells
expressing the ecotropic receptor on their surface, Platinum-E (Plat-E) cells were used.
Plat-E cells are derived from the HEK293-T cell line and were engineered for high-titer
virus production (Morita et al. 2000). They were cultured under the same conditions as
HEK293R cells and were transiently transfected to allow retroviral packaging (Figure
24B). Therefore, 1.4 x 108 Plat-E cells (Cell Biolabs) were seeded into a 100-mm cell
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culture dish for adherent cells (Greiner Bio-One). After six hours, a calcium phosphate
transfection was carried out by preparing a mixture (‘solution A’) consisting of 10 - 20
Kg construct plasmid, 5 - 10 pg helper plasmid (pCMV-Gag-Pol, Cell Biolabs), and 250
mM CaClz, adjusted to a volume of 500 ul with ddH20. 500 pl of Hank's buffered salt
solution (HBS, ‘solution B’) (280 mM NaCl, 50 mM HEPES, 1.5 mM Naz2HPO4, 12 mM
Dextrose, 10 mM KCI, adjusted to pH 7.0) was pipetted into a flow cytometry tube.
Using a Pasteur pipet, bubbles were created in solution B, and solution A was added
dropwise. After 15 min of incubation at room temperature, the DNA mixture was care-
fully added to the Plat-E cells and incubated overnight. Subsequently, the medium was
first exchanged by fresh DMEM?*, and later reduced to 5 ml to enable later harvesting

of virus particles at high titer.
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Figure 24: Generation of stable HEK293R cell lines for genome-wide methylation studies. A) Composi-
tion of the construct plasmid used for the stable integration into HEK293R genome. TRE3G = 3rd-gen-
eration Tet-responsive promoter; NLS = nuclear localization sequence, ZnF = zinc finger, DNMT3A(CD)
= catalytic domain of DNMT3A, IRES = internal ribosomal entry site, GFP = green fluorescent protein,
dsRed = dimeric red fluorescent protein, PGK = phosphoglycerate kinase 1 promoter. B) Schematic
workflow for the generation of stable HEK293R cell lines containing the construct shown in A).

The next morning, 0.3 x 108 HEK293R target cells were seeded into the well of a 6-
well cell culture plate containing 2 ml DMEM®*. For retroviral transduction, the MSCV-
containing supernatant of the transfected Plat-E cells was filtered through a 0.45 pm

Filtropur S syringe filter (Sarstedt) and transferred to the target cells. The Plat-E cells
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were discarded, and the medium was replaced by 2 ml of fresh DMEM™ 8 h post-trans-
duction. After two days of recovery, the antibiotic selection was initiated by splitting the
target cells in a 1:4 ratio, and resuspending them in 2 ml DMEM* supplemented with
either 300 pg/ml neomycin (Sigma-Aldrich) or 200 pug/ml hygromycin B (Sigma-Al-
drich). An additional well with untransduced cells was also included and served as a
control for antibiotic selection. Every 2 — 3 days, the supernatant was exchanged by
fresh DMEM™* with antibiotics until no viable cells were visible in the control well. The
selected cells were expanded in DMEM™ until they reached 90 % confluency in a T75
flask (Sarstedt).

Since a fraction of the cells usually showed leaky expression of the construct, a fluo-
rescence-activated cell sorting (FACS) step was included to enrich only non-fluores-
cent cells. For this purpose, the cells were harvested by washing with DPBS-, trypsiniz-
ing and spinning down for 5 min at 300 g. Afterwards, the cell pellet was resuspended
in 0.5 -1 ml DMEM?*, and filtered through a 70-um pre-separation filter (Miltenyi Biotec)
to remove clumps. Enrichment of single live cells displaying no fluorescence in unin-
duced state was achieved by applying the gating strategy shown in Figure 25 utilizing
the Cell Sorter SH800S (Sony Biotechnology). Around 0.7 x 10° cells per sorted cell
line were re-seeded into the well of a 6-well plate and expanded until they reached 90
% confluency in a T75 flask. For long-term storage, a fraction of the cells was resus-
pended in cryopreservation medium (50 % DMEM, 40 % FBS, 10 % DMSO), and fro-

zen to -80°C using the Nalgene®

Live cells Singlets Non-fluorescent

FSC-H

SSC-a

FSC-A 1o FSC-A 1o GFP: FITC-A i
Figure 25: FACS gating strategy after the generation of doxycycline (dox)-inducible stable HEK293R cell

lines for the enrichment of cells showing no leaky expression of the inducible transcript (H-3 gate). Plots
were generated using the Flowing Software V2.5.1 (http://flowingsoftware.btk.fi).
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3.2.4 Cell culture experiments for genome-wide methylation studies

Time-course experiments of EpiEditor expression were conducted utilizing the
HEK293R (pSIN-TRE3G-ZnF-3AC-IRES-GFP-PGK-Neo) cell line to analyze the long-
term stability of genome-wide de novo DNA methylation, and its interplay with the
epigenome network. Control experiments using the catalytically inactive E756A mutant
of 3AC, or 3AC without ZnF fusion were performed for up to three days under dox
treatment. For a detailed description of the experimental workflow, please refer to Ap-
pendix 1. In brief, 6 x 10° cells were seeded into a T175 flask (Sarstedt), and treated
with 1 pg/ml doxycycline (Sigma-Aldrich) in DMEM®* for 3 days. Single living cells show-
ing a green fluorescence signal were enriched using the BD FACSAria Il (BD Biosci-
ences) or Cell Sorter SF800S (Sony Biotechnology) (Figure 26). Subsequently, the
cells were either snap-frozen in liquid nitrogen and stored at -80°C, or re-cultivated in
a 6-well plate for later experimental time points, without the addition of dox. After 5 or
8 days of dox removal, 80 % of the cells were harvested and the rest of the cells was
re-seeded. Finally, after 11 days of dox removal, all cells were harvested and culturing

was discontinued.

Live cells Singlets Fluorescent cells

SSC-A
FSC-H

GFP: FITC-A 10D

Figure 26: Flow cytometry gating strategy for the enrichment of GFP-positive HEK293R cells (gate H-3) co-
expressing ZnF-3AC. The cells were treated with 1 pg/ml doxycycline for 3 days. Plots were generated
using the Flowing Software V2.5.1 (http://flowingsoftware.btk.fi).

3.2.5 Knockdown of TET enzymes in DNA methylation studies

In order to investigate zhe potential role of active DNA demethylation in the genome-
wide methylation studies, knockdown of the three members of the TET family dioxy-
genases (TET1-3) was conducted. Therefore, short hairpin RNAs (shRNASs) for indi-

vidual TET enzymes and a Renilla luciferase shRNA (Table 3) were cloned into
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pMSCV vector and the stable HEK293R (TRE3G-ZnF-3AC-IRES-dsRed—PGK-Hy-
gro) cell line was transduced as described in chapter 3.2.3. In this experiment, the virus
supernatant was diluted 4 to 10-fold in DMEM"* this time to achieve a transduction ef-
ficiency around 5 - 10 %, enabling single integration of the retrovirus into the genome
(Rathert et al. 2015). The transduction efficiency was validated by flow cytometry using
the MACSQuant® VYB Flow Cytometer (Miltenyi Biotec) and the cells underwent anti-
biotic selection using 300 pug/ml neomycin (Sigma-Aldrich) in DMEM®*. Afterwards, the
selected cells were expanded and 19 days after transduction, when the cell numbers
were sufficient, the experimental workflow to study DNA methylation dynamics was
carried out as previously described in chapter 3.2.4. Around 1 x 10° cells were har-
vested without dox treatment to analyze the efficiency of shRNA-mediated knockdown
by RT-qPCR.

Table 3: List of ShRNAs used for the knockdown of TET1-3. Additional information about NCBI Gene

ID, and the guide sequence is shown. The location within the CCDS is included in the name of the
ShRNA.

l?rri?o?t tran- shRNA name | NCBI Gene ID | Guide sequence

TET1 TET1.2851 80312 TTGTTTTCCAATGTCTTGCCGA
TET2 TET2.617 54790 TTTCTTATCACTCAAATCGGAG
TET3 TET3.9887 200424 TAAAACATCAACTTCTGTGGAC
:See”'"a luciter- | pen.660 TTACTAACGGGATTTCACGAGG

3.2.6 Application of enzyme inhibitors in cell culture

For the genome-wide DNA methylation studies, different inhibitors have been used in
cell culture experiments. N-oxalylglycine (N-OG) was applied for the simultaneous in-
hibition of TET enzymes, as it is an inhibitor of aKG-dependent dioxygenases (Marholz
et al. 2016; Peng et al. 2016; Sudhamalla et al. 2017; Sudhamalla et al. 2018). In the
experiment aiming to reduce the global H3K27me3 levels, EPZ-6438 (AdooQ Biosci-
ence), also known as ‘Tazemetostat’, was used as it was reported to selectively inhibit
the HMTase EZH2 (Knutson et al. 2014). Both inhibitors were diluted in DMSO.
HEK293R (TRE3G-ZnF-3AC-IRES-GFP—PGK-Neo) cells were treated with either

55



500 uM N-OG or 10 uM EPZ-6438 in DMEM* for 3 days before the induction of ZnF-
3AC. During the whole experiment, the cells were constantly treated with the inhibitors.
Every 2 - 3 days, the medium containing the inhibitors was exchanged. As a negative
control, cells treated with the same volume of DMSO were included to rule out side-

effects caused by the solvent of the inhibitors.

3.3 SDS PAGE and western blot

Protein samples were obtained from whole cell lysates of treated and untreated
HEK293R (TRE3G-ZnF-3AC-IRES-GFP—PGK-Neo) cells. For the experiments aim-
ing to quantify the protein levels of ZnF-3AC before and after dox treatment, a stepwise
description is available in Appendix 1. Moreover, the changes of global H3K27me3
levels were investigated in cells treated with either EPZ-6438 or DMSO. In order to
achieve a better resolution of the relatively small histone proteins, the samples were
run on a 15-% tricine-SDS gel according to the protocol published by Schagger (2006).
Subsequently, Western Blot was performed as described in Appendix 1. An annotated

list of all antibodies employed for the experiments is shown in Table 4.

Table 4: List of antibodies used for Western Blot experiments.

Antibody Catalogue number Lot # Antibody dilu-
tion

a-DNMT3A NB120-13888 (Novus Biologicals) - 1:750

a-Lamin B1 sc-6217 (Santa Cruz Biotechnol- F1014 1:500
ogy)

a-H3K27me3 #39155 (Active Moatif) 31917019 1:1000

a-H4 #61299 (Active Motif) 13912001 1:1000

a-Rabbit IgG HRP-linked NA934 (GE Healthcare) 9739638 1:5000

whole Ab

a-Mouse IgG HRP-linked NXA931V (GE Healthcare) 973269 1:5000

whole Ab

a-Goat IgG (whole mole- A4174 (Sigma-Aldrich) 071M4767 | 1:10,000

cule)—Peroxidase antibody
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3.4 Nucleic acid analysis

3.4.1 MBD2-pulldown

For the analysis of genome-wide DNA methylation states, MBD-pulldown followed by
next-generation sequencing (NGS) has emerged as a powerful and cost-efficient al-
ternative to commonly used techniques such as antibody-based methylated DNA im-
munoprecipitation sequencing (MeDIP-seq) or Whole-Genome Bisulfite Sequencing
(WGBS) (Jeltsch et al. 2019). A self-developed protocol has been applied which em-
ploys the human full-length Methyl-CpG-binding domain protein 2 (MBD2) fused to the
C-terminus of a Glutathione-S-transferase (GST) tag. MBD2 has been shown to dis-
play a high binding affinity for 5mC, and does not bind to 5hmC or unmodified cytosine
(Mellén et al. 2012). The general workflow of MBD-pulldown experiments is shown in
Figure 27A.

In the first step, genomic DNA (gDNA) was isolated from the cells pellets, using the
QlAamp DNA Mini Kit (QIAGEN) according to the manufacturer’s protocol, and was
eluted in 200 pl ddH20, pre-warmed to 70°C. The gDNA was then sheared with the
EpiShear™ Probe Sonicator (Active Motif) using the 2-mm microtip probe (25 % am-
plitude, 20 x 20-s pulse / 30-s pause). 200 ng of the sonicated DNA was loaded on a
1 % agarose gel to validate whether the fragment sizes ranged from 100 — 1000 bp
(Figure 27B). The fragmented gDNA was then re-purified and concentrated using the
NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel), eluted in 50 - 100 pl ddH20
pre-warmed to 70°C and the concentration was determined with the NanoDrop 1000
(Thermo Fisher Scientific).

Per reaction, 1 pug of sonicated DNA and 1000 nM GST-MBD2 were mixed in a total
volume of 250 pl pre-cooled to 4°C PB150 buffer (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 1 mM EDTA, 0.5 % IGEPAL® CA-630, 2 mM DTT). Immobilization of the MBD2
domain to methylated DNA was enabled by rotation the mixture on a turning wheel at
4°C overnight. The next morning, per sample 50 pl of Glutathione Agarose beads (Ma-
cherey-Nagel) were equilibrated by resuspending in 200 pl of cold PB150 buffer, and
centrifuging for 1 min at 2000 g. After a total of four washes with cold PB150 buffer,
the supernatant was removed and the DNA-GST-MBD2 mixture was transferred to the
beads. The sample was rotated for 2 h on a turning wheel at 4°C, and subsequently,
the beads were spun down in a pre-cooled centrifuge at 2000 g for 2 min. Then, the
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supernatant containing the unbound DNA was removed, and 200 pl of ice-cold PB500
wash buffer (50 mM Tris—HCI pH 8.0, 500 mM NaCl, 1 mM EDTA, 0.5 % IGEPAL® CA-
630, 2 mM DTT) was added. After 5 min of rotation on a turning wheel at 4°C, the
sample was centrifuged for 2 min at 2000 g. A total of three washing steps with PB500
were performed. Elution was carried out by resuspending the beads in 150 pl of un-
chilled PB2000 elution buffer (10 mM Tris—HCI pH 8.0, 2 M NaCl, 1 mM EDTA) and
rotating the sample on a turning wheel for at least 15 min at room temperature. The
sample was centrifuged and the supernatant, containing the precipitated methylated
DNA, was transferred into a 2-ml reaction tube. After a second elution step was per-
formed, the elution fractions were pooled and the DNA was purified using the ChIP
DNA Purification Kit (Active Motif) according to the manufacturer’s protocol. The DNA
was eluted in 50 — 100 pl of the elution buffer provided by the kit and stored at either
4°C (short-term) or -20°C (long-term).
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Figure 27: MBD-pulldown as a tool for the enrichment of methylated DNA. A) Schematic depiction of the
experimental workflow of MBD-pulldowns. Taken from Jeltsch et al. (2019). B) 1-% agarose gel with a DNA
molecular weight marker (‘M’, GeneRuler, 1 kb DNA ladder) loaded on lane 1, and 200 ng sonicated ge-
nomic DNA (gDNA) on lane 2.

3.4.2 Cross-linked ChIP (XChIP)

In order to detect the genomic distribution of DNA-bound proteins or their direct inter-
action partners, cross-linked chromatin immunoprecipitation (XChlIP) is a widely used
technique. In this approach, the cells are fixed by formaldehyde, allowing to create
cross-links between the protein and the DNA-residues within a distance of 2 A. The

chromatin is then sheared by sonication to obtain fragments in the range of 200 — 1000
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bp, and an antibody specific for the desired protein is added. The antibody-bound pro-
tein/DNA complexes are then precipitated by the addition of Protein A/G-coupled
beads, enabling the specific enrichment of the protein-associated genomic loci. After
extensive washing steps, the cross-links are reversed, and the DNA is purified. The
relative enrichment at different loci can then be quantified by gPCR or NGS (Nelson et
al. 2006; Orlando 2000).

In the experiments aiming to analyze the genome binding of the ZnF-3xHA construct
in HEK293 cells, a protocol was utilized which is described in detail in Appendix 1. In
brief, the cells were transiently transfected with the pAdTrack-CMV-ZnF-3xHA--CMV-
eGFP plasmid using Polyethylenimine (PEI) MAX 40k (Polysciences). 3 days post-
transfection, around 1 x 107 cells were harvested, cross-linked in a final concentration
of 1 % (v/v) formaldehyde (Sigma-Aldrich, Cat. No. 25,254-9) and the reaction was
quenched using glycine in a final concentration of 125 mM. After cell and nuclei lysis,
the chromatin was sheared using the EpiShear™ Probe Sonicator (Active Motif) with
the 2-mm microtip probe (40 % amplitude, 24 x 20-s pulse / 30-s pause). In a next step,
the chromatin was pre-cleared using a isotype control antibody of the same species,
followed by overnight incubation with an antibody raised against the triple-HA tag (Ta-
ble 5). Then, Protein A/G magnetic beads (Thermo Fisher Scientific) were added to
enable binding of antibody-chromatin complexes. After a total of six washing steps
using wash buffers with different stringency, the crosslinking was reversed by incuba-
tion at 65°C overnight with the addition of 20 pg RNase A (Machery-Nagel). The sam-
ple was supplemented with 2.4 U Proteinase K (New England Biolabs), and further
incubated for 2 h at 45°C. Finally, the DNA was purified using the ChlIP DNA Purifica-
tion Kit (Active Motif) and analyzed by gPCR and NGS.

For the ChIP experiments analyzing the binding of CTCF at the H19/IGF2 imprinting
control region after targeted DNA demethylation, the cells were transiently transfected
with the multi-sgRNA1-5(ICR) plasmid, and the dCas9-5xSunTag/Ab-TET1(CD) dual
vector. After 3 days, the cells were harvested as described in section 3.2.2, and single
live cells showing green and red fluorescence were enriched using the Cell Sorter
SHB800S (Sony Biotechnology). After sorting 0.7 x 10° cells, they were re-seeded into
the well of a 6-well plate for recovery. 6 days after transfection, a fraction of the cells
was split for further cultivation for additional 21 days, while around 2 x 108 cells were

fixed with 1 % (v/v) formaldehyde as described in Appendix 1 and stored at -80°C after
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snap-freezing with liquid nitrogen. The same procedure was applied for the cells har-
vested 27 days after transfection and for untransfected control cells. Different from the
ZnF-ChlP experiment, the Magna ChIP™ HiSens Chromatin Immunoprecipitation Kit
(Merck Millipore) was utilized due to the requirement of substantially less cells com-
pared to the protocol described above. The ChlIP was performed following the instruc-
tions of the manufacturer’s protocol, and the chromatin was sheared using the same
settings as described for ZnF-ChIP. Out of the 500 pl of sample volume, 50 ul were
used for immunoprecipitation with either 3 pg of CTCF-antibody, or 3 ug of a non-
specific IgG control from the same species (Table 5). After elution, no further purifica-
tion step was necessary. The samples were diluted 1:1 with ddH20 and could be used

directly for gPCR analysis.

Table 5: List of antibodies used for XChIP experiments

Antibody Catalogue number Lot number Amount per reaction
a-HA tag ab9110 (Abcam) GR261166-2 5 ug
Normal rabbit 1gG sc-2027 (Santa Cruz ER1619081 3-5ug
Biotechnology)
a-CTCF #2899 (Cell Signaling 2 3ug
Technology)

3.4.3 Native ChIP (NChIP)

Native chromatin immunoprecipitation (NChIP) is a method which is mostly used for
the localization of histone proteins in the genome. Due to their positive charge, they
tightly bind to the negatively charged phosphate backbone of DNA and thus do not
require a cross-linking step, which could impair antibody binding to the epitope. In-
stead, the chromatin is fragmented by enzymatic digestion of the linker DNA using
micrococcal nuclease (MNase) (O'Neill 2003). For this work, a protocol has been de-
veloped which uses 1 x 108 cells per reaction and utilizes whole-cell lysates without a
nuclei isolation step to avoid loss of chromatin. The fragmentation of native chromatin
into mono- and oligonucleosomes was validated by agarose gel electrophoresis (Fig-
ure 28A) or LabChip GX Il Touch HT (Perkin Elmer) (Figure 28B). For a detailed de-

scription of the NChIP procedure, refer to Appendix 1. An overview of the antibodies
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Figure 28: Fragmentation of native chromatin using micrococcal nuclease (MNase). A) Representative
example of 1-% agarose gel with a DNA molecular weight marker (‘M’, GeneRuler, 1 kb DNA ladder)
loaded on lane 1 and 250 ng digested chromatin (‘C’) on lane 2. B) Exemplary run of purified DNA on
LabChip GX Il Touch HT (Perkin Elmer), originating from digested chromatin.

and the respective amounts used for the experiments is provided in Table 6. After-
wards, the NChIP samples were tested by gPCR to analyze the locus-specific enrich-
ment of the PTMs at selected loci. Furthermore, they were used to prepare libraries for
NGS to globally investigate the dynamics of different modifications after genome-wide
DNA methylation editing.

Table 6: List of antibodies used for NChIP experiments

Antibody Catalogue number Lot number Amognt per
reaction
a-H3K4me3 ab8580 (Abcam) GR3203653-1 2.5 ug
a-H3K9me3 ab8898 (Abcam) GR3176466-3 2.5ug
a-H3K27me3 #39155 (Active Motif) 31917019 5 ug
a-H3K36me3 ab9050 (Abcam) GR105541-1 3.5 ug
a-H3K27ac ab4729 (Abcam) GR3216173-1 3 ug

3.4.4 Quantitative PCR (qPCR)

The relative amount of DNA enriched in MBD2-pulldown or XChIP experiments was
analyzed by real-time quantitative polymerase chain reaction (qQPCR). In these exper-
iments, a fluorescent dye such as SYBR Green | is quenched in its free state, but

shows fluorescence when bound to double-stranded DNA (Dragan et al. 2012). As the
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amount of DNA usually doubles during each PCR cycle, the cycle number in which the
threshold of fluorescence signal is intersected by the amplification curve (C: value) is
proportional to the logarithm of the starting concentration of the DNA (Ponchel et al.
2003).

A separate mastermix was prepared for every primer set using the commercially avail-
able 2X ORA™ SEE gqPCR Green Rox L Mix (highQu) as indicated in Table 7. In order
to normalize the individual MBD2-pulldown or XChIP samples, a three-step 1:5 dilution
series of the corresponding input samples was prepared. This also allowed the gener-
ation of a standard curve, and thus provided information about the PCR efficiency. All
PCR reactions were conducted in technical triplicates. 14 pl of mastermix was pipetted
into the well of a low-profile 96-well plate (Genaxxon Bioscience). Subsequently, 1 ul
of the respective sample DNA was added to the mix, and a no-template control was
included. The plate was then sealed using the adhesive Microseal 'B' PCR Plate Seal-
ing Film (Bio-Rad Laboratories), followed by a centrifugation step at 1000 g for 1 min.
Finally, the gPCR was performed employing the CFX96 Real-Time PCR detection sys-
tem (Bio-Rad Laboratories) and using the cycling conditions shown in Table 8. After
the PCR run, the purity of the gPCR reaction was verified by examination of the melting
curve. For data analysis, the threshold was at usually 200 RFU, and the starting quan-
tities relative to the input were exported in XLSX data format. An overview of all tested
regions in MBD2-pulldown or XChIP experiment and the appropriate primer sequences
is shown in Table 9.

Table 7: Mastermix prepared per qPCR reaction

Reagent Volume

ORA™ SEE gPCR Green Rox L Mix (2X) | 7.5 pl

Forward primer (10 uM) 0.4 ul
Reverse primer (10 uM) 0.4 pl
ddH20 57 ul
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Table 8: Cycling conditions used for qPCR experiments

Temperature Time
95°C 3 min
95°C 3s
Ta 20s
72°C 4s
Measurement

65 - 95°C (0.5°C steps)

5 s/step (melt curve)

40x

Table 9: List of primers used for qPCR after MBD2-pulldown and XChIP experiments. Additional
information about the genomic location and size of the amplicon is provided.

. Coordinates Am-
Experi- . . . . .
Reglon ampllcon p||C0n Forward primer Reverse primer
ment i
(hg19) size
e | Z0F target chr6:43738352- | .o | ACAGGGGCAAAG- | GCGGTGTCTGTC-
(VEGFA CGl) | 43738469 P | TGATGAC TGTCTGT
Jnb-chip | Z0F offtarget | chr12:13064658 | o, | CCGAACTTCCCG- | TTGCCTCTCGCT-
(FZD10 CGl) | 0-130646676 P | taaccTC ATCCTCTC
MBD2- chr5:1446238- GCACTCGCCTAA- | GGAAGGAAAGCC-
pulldown | SECBA3CGL 1 146335 98bp | caaaaccA TCGGAGT
MBD2- chr6:43738171- GCTTGCCATTCC- | GGTCACTCACTTT-
pulldown | VEGFACGl 1 43738375 202bp | CCACTTGAATCG | GCCCCTGTC
MBD2- chr10:33623705 AAATCCGGCTTG- | TGTCTCCCGCTC-
pulldown | NRP1CGI -33623814 1106p | 1rreree ATCTTTTC
MBD2- | CCND2-AS | chrl2:4378943- | CGCCTTCTTAAC- | CTTCGGCGAATT-
pulldown | CGI 4379016 P | TcaceeeT TCGGCTTG
MBD2- chr7:98741344- CGTACCTGTCAG- | ATCGTTGGCGGG-
pulldown | SMURFLCGI 1 ga241417 740D | AcGGATCTT GATGT
MBD2- chr1:948717- CGGTCATTCGGT- | CACCGGCCCTAT-
pulldown | 'SC15 CGI 948862 146bp | TrraTTTC TATTAAGC
MBD2- chr1:120611383 GTGGGGTTGGAG- | GGTGTGTGGGCT-
pulldown | NOTCHZCGl 1 150611452 700p | roTCAAAA TGGTTT
MBD2 | iiog chr7:155601912 | . | ACTGCTCCGAAA- | TCTCTAATGTGA-
pulldown -155601982 P | gTTCCACT CTGCCGCC
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MBD2- | \otH g chr11:2161342- | ., | GGGAAACACAGC- = AAGTCCAACGCA-
pulldown 2161465 P TcaaaTCC CTGAGGAC
CTCF- cTs1 chr11:2024181- | ;.\ | TGGCGCAGAATC- | GAGACCTGGGAC-
ChiP 2024300 Pl ceeTeTAC GTTTCTGT

CTCF- —— chr11:2023760- | ;o\ | GCCCCGATGGTG- K CGGCACCTAGCT-
ChiP 2023902 Pl cacaaTc TGCGT

CTCF- cTS3 chr11:2023404- | o, | GATGGCACAGAA- | CATCCAGGGAG-
ChiP 2023496 P TCGGTTGTAAG GGCTTGG

CTCF- _— chr11:2021929- |, | ACCCGGATGGTG- K CGCCTGGCTTGC-
ChiP 2022068 P cAGAATTG GGGA

CTCF- oTSE chr11:2021525- | 1,0\ | GGTTGTAGTTGT- | CCCGGCTTGGA-
ChiP 2021643 P | GGAATCAGAGG | TGACCT

CTCF- - chr11:2021105- | ..\ | ACCGCCTGGATG- | TGAACCCTGCG-
ChiP 2021259 P Gecace ACGCGT

CTCF- cTS7 chr11:2020241- | ;o\ | TTGGGTCACCT- | TGAGCCCATCTC-
ChiP 2020345 P | TCAGACTGTGAT | CCAGCGAT
CTCF- e chr11:2019689- |, | CCTGTCTGAAGA- | CCCACCGCTTGT-
ChiP 2019759 P | cceeaTeT CAGTAGAG
CTCF- CTCF conrol | ¢hr1:157465977 | 1,4, | CTCATTCTCAGC- | CCTGTTTTTCTTT-
ChiP region 1 -157466089 Pl ccTeacae GAAATCGTCCAC
CTCF- CTCF control | ¢hr2:161851015 | 0\ | TGCCGAGAACGT- | CTGCGGTATTTG-
ChiP region 2 -161851163 P gTGACTC CAGCAGTA
CTCF- 2 kb upstream | chr11:2017566- 120 b GTCATGTCCTGC- | TTCTCCCCACAC-
chip of ICR 2017685 Pl TTGTCACG GA-CTCTCT

3.4.5 Reverse transcription quantitative PCR (RT-qPCR)

In the genome-wide DNA methylation studies, reverse transcription quantitative PCR
(RT-gPCR) was conducted to investigate the efficiency of the shRNA-mediated TET1-

3 knockdown efficiency. Furthermore, the transcript levels of the inducible ZnF-3AC

construct, and the expression dynamics of selected genes after the introduced pro-

moter methylation was analyzed. RT-gPCR is a highly sensitive technique to determine

the relative levels of specific transcripts by normalization to a housekeeping gene and

enables to quantify the expression changes after an experimental treatment (Bustin

2000).
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Prior to RT-gPCR, total RNA was isolated from cell pellets and applied for complemen-

tary DNA (cDNA) synthesis as explained in detail in Appendix 1. The data was normal-

ized as proposed by Pfaffl (2001). For more information about the RT-gPCR setup,

refer to Appendix 1. The cycling conditions used for all PCR runs are displayed in Table

10, and a list of the utilized primers can be found in Table 11.

Table 10: Cycling conditions used for RT-gPCR experiments

40x

Temperature Time
95°C 3 min
95°C 15s
57°C 20s
Measurement
95°C 10 s
65 - 95°C (0.5°C steps) 5 s/step (melt curve)

Table 11: List of primers used for RT-gPCR in genome-wide methylation studies. Primers marked
with an asterisk were taken from Rawtuszko-Wieczorek et al. (2015).

Gene ls\l;ilerféirence Fwd. primer Rev. primer

RAB13 NM_002870.5 CTCGAGAGCATGGAATCCGA AGGTCAGTACTGGGAGGCTT
ZnF-3ac | Synthetic con- CASFCACCAACGTACTCACAC: | GCAATGTAGCGGTCCACTTGG
VEGFA NM_001025366.3 | AGAAGGAGGAGGGCAGAATCA | ATGGCTTGAAGATGTACTCG
NRP1 NM_003873.7 CCTTCTGCCACTGGGAACAT TTGCCATCTCCTGTGTGATCC
TET1* NM_030625.3 ATACAATGGGCACCCTACCG GGGCTTGGGCTTCTACCAAA
TET2* NM_001127208.3 | GCTGACAAACTCTACTCGG CTTCTGGCAAACTTACATCC
TET3* NM_001287491.2 | CCCAAAGAGGAAGAAGTG GCAGTCAATCGCTATTTC
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3.4.6 Library preparation of MBD2-pulldown, NChIP and XChip samples for

next-generation sequencing

The libraries of all MBD2-pulldown samples (besides 3AC) of the genome-wide DNA
methylation studies, as well as the XChIP and NChIP (H3K4me3, H3K9me3,
H3K27me3, H3K36me3) samples were generated by the Max Planck-Genome-centre
Cologne (MPGC). Own libraries were constructed for the 3AC and the H3K27ac sam-
ples, and the MBD2-pulldowns of the dCas9-based studies using the NEBNext® Ul-
tra™ Il DNA Library Prep Kit for lllumina® (New England Biolabs) in combination with
the NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 1/Dual Index Primers
Set 1) (New England Biolabs) following the instructions of the manufacturer. The ap-
propriate fragment sizes and the DNA concentration of the libraries were analyzed uti-
lizing the LabChip® GXII Touch™ HT system (Perkin Elmer) (Figure 29). lllumina dye
sequencing was conducted by the MPGC sequencing facility employing the lllumina
HiSeg2500 or lllumina HiSeq3000 platform. For precise information about the respec-
tive sequencing conditions and the processing of the received data files, refer to Ap-

pendix 1 and Appendix 2.

A B

Fluorescence (a.u.)
Fluorescence (a.u.)

Size [bp] Size [bp]

Figure 29: Quality control of constructed DNA libraries. Capillary electrophoresis was performed using the
LabChip® GXII Touch™ HT system (Perkin EImer). Exemplary electropherograms generated with the Lab-
Chip GX Reviewer software are shown for A) a MBD2-pulldown sample, and B) a NChIP sample.

3.4.7 Library preparation for RNA-seq

For the genome-wide DNA methylation studies, RNA-seq libraries were prepared as
described in detail in Appendix 1. In brief, 100 ng of total RNA extracted with the RNe-
asy® Plus Mini Kit (Qiagen) was applied for each RNA library. The NEBNext® Single
Cell / Low Input RNA Library Prep Kit for Illumina® (New England Biolabs) together
with the NEBNext® Multiplex Oligos for lllumina ® (Index Primers Set 1) (New England

Biolabs) were used for library preparation according to the manufacturer’s instructions.
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The quantity and quality of the in between synthesized cDNA, as well as the final RNA
libraries were analyzed using the LabChip® GXII Touch™ HT system (Perkin Elmer)
(Figure 30). The samples were sent to the MPGC sequencing facility for lllumina dye
sequencing. A detailed description of the sequencing conditions, and the data pro-

cessing of the obtained FASTQ files is provided in Appendix 1.
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Figure 30: Quality control of constructed RNA libraries in genome-wide methylation studies. Capillary elec-
trophoresis was performed using the LabChip® GXIl Touch™ HT system (Perkin Elmer). The electrophero-
grams were generated with the LabChip GX Reviewer software and show representative examples of A)
the in between synthesized cDNA, and B) the final RNA library used for lllumina dye sequencing.

3.4.8 Bisulfite sequencing

Bisulfite sequencing is a method which has been established by Frommer et al. (1992).
It is regarded as the gold standard for the determination of cytosine methylation, inde-
pendent of its sequence context. Unmethylated cytosine is converted to uracil by bi-
sulfite treatment and then recognized as a ‘thymine’ during PCR amplification and sub-
sequent sequencing. In contrast, 5mC is protected against the sodium bisulfite-induced

conversion, and thus is read as a ‘cytosine’ (Gouil and Keniry 2019).

In the genome-wide DNA methylation studies, 500 ng of sonicated gDNA, originally
prepared for the MBD2-pulldown experiments (chapter 3.4.1), was converted using the
EZ DNA Methylation Lightning Kit (Zymo Research) according to the manufacturer’s
instructions. This was followed by the amplification of the regions of interest, as well
as next-generation sequencing performed by the MPGC, and bioinformatic down-
stream analysis of the FASTQ data files on the European Galaxy web platform (Afgan
et al. 2018). For a detailed overview about the individual steps of the experimental

workflow, refer to Appendix 1.
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4. Results

4.1 Dynamics of the epigenome network after global DNA methyla-
tion editing

The main project of this doctoral thesis was based on preliminary work of Dr. Goran
Kungulovski. He successfully established a targeted DNA methylation delivery system
which can methylate the promoter of the Vascular Endothelial Growth Factor A
(VEGFA) with high efficiency (Kungulovski et al. 2015). In general, targeted DNA meth-
ylation has been described as a useful approach for the editing of the epigenome in
regard to potential future therapeutic applications (Kungulovski and Jeltsch 2016).
Consequently, it is of great importance to understand the underlying mechanisms of
the epigenetic network allowing or preventing the stable propagation of the edited mod-
ification, and moreover, the associated downstream effects. For this purpose, a stable
HEK293R cell line was generated, which enabled the expression of a fusion protein
for DNA methylation editing in the presence of doxycycline (dox). The employed fusion
protein consisted of the catalytic domain of murine DNMT3A (3AC), serving as effector
domain, and a zinc finger (ZnF) targeting module, designed to bind a 9-bp motif. The
short target motif of the ZnF enabled the fusion protein to bind promiscuously within
the genome, followed by the introduction of DNA methylation at numerous genomic
sites. Thus, the dynamics of artificially introduced DNA methylation as well as the in-
terplay with histone PTMs, and its implications on gene expression could be investi-
gated (Figure 31A).

To identify the actual binding sites of the ZnF within the genome, XChIP was con-
ducted. Subsequently, ZnF binding could be correlated with the levels of de novo DNA
methylation introduced by the ZnF-3AC fusion protein at these regions. After the set-
ting of this modification, its stability differential stability could be investigated at several
experimental time points and on a genome-wide scale (Figure 31B). This was accom-
plished by the establishment of a MBD2 pulldown assay which provides quantitative
information about methylation changes on a genome-wide scale (Aberg et al. 2020).
TET enzymes have been described as demethylases involved in the active removal of
the 5mC modification. Thus, their effects on DNA methylation stability was examined
in knockdown experiments of individual TET enzymes by employing small hairpin

RNAs and, as a different strategy, by the inhibition of all three enzymes in parallel.
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Since DNA methylation has been connected to processes involved in gene regulation,
RNA-seq experiments were conducted. By this means, the dynamics of artificially in-
troduced promoter DNA methylation could be correlated to the concomitant alterations
in gene expression of associated genes. In a next step, the effects of DNA methylation
on the levels of selected histone post-translational modifications (PTMs) were ana-
lyzed in a time-resolved manner by performing NChIP experiments. Moreover, the
chromatin states of specific genomic loci could be determined which potentially per-
mitted the stable preservation of DNA methylation over multiple cycles of cell division.
The main findings of the aforementioned experiments will be summarized in the fol-
lowing chapters. This work has also been published in the Journal ‘Nucleic Acids Re-

search’ and the publication has been attached to this thesis as Appendix 1.
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Figure 31: The stability and downstream effects of ZnF-3AC-mediated DNA methylation. A) Schematic rep-
resentation of the effects of DNA methylation editing on the epigenetic network investigated in this work.
The catalytic domain of DNMT3A (3AC) is recruited to a promoter through the fusion to a zinc finger (ZnF)
module. Previously unmethylated CpGs (white lollipops) are getting methylated (black lollipops) by nearby
ZnF-3AC (indicated by purple arrows). Effects of DNA methylation on histone post-translational modifica-
tions (PTMs) and gene expression are indicated as grey arrows and opposed effects of PTMs on DNA
methylation stability as orange arrow. The potentially induced changes in gene expression are displayed as
green and red arrows. B) Differential 5-methylcytosine (5mC) stability at three types of CGls after targeted
DNA methylation editing. ZnF-3AC expression is induced for 3 days by the addition of doxycycline (+dox)
and then removed (-dox) for up to 11 days. Unmethylated CpG sites are indicated as white, methylated as
black lollipops. The black arrow indicates the transcriptional start site.
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4.1.1 Analysis of the ZnF binding properties

The ZnF utilized in this study was originally designed to bind a 9-bp motif (5'-
GGGGGTGAC-3’) located within the VEGFA promoter (Liu et al. 2001). Due to the
short length of this motif, thousands of potential additional binding sites for the ZnF
were expected. In order to investigate the binding properties of the ZnF module, which
include the specificity, genomic localization, and the respective binding strength,
XChIP was selected as an accurate and quantitative method (Carey et al. 2009).
Therefore, the ZnF was fused to a triple hemagglutinin (HA)-tag, and cloned into a
pAdTrack-CMV-based mammalian expression vector in which the ZnF is under the
control of a constitutively active CMV promoter. HEK293 cells where then transiently
transfected with the vector, harvested after three days, and prepared for XChIP as
described in detail in Appendix 1. Subsequent gPCR analysis showed a 19-fold en-
richment of the ZnF at the targeted VEGFA promoter compared to the FZD10 promoter
which does not contain the ZnF motif (Figure 32A).

The ChIP samples were sent to the MPGC sequencing facility for next-generation se-
guencing (NGS) in order to analyze ZnF-binding on a genome-wide scale. The ChIP-
seq data tracks showed strong and defined signals with low background at different
promoters carrying the binding motif of the ZnF (Figure 32B). In the case of the NRP1
promoter, a second smaller peak was observed containing a truncated version of the
ZnF motif at its summit (5-GGGGGTG-3’). The same applies for the region upstream
of the VEGFA promoter, where a motif similar to the designed motif (5-GGGGTCAC-
3’) is present at a smaller peak. This did indicate some off-target binding of the ZnF
with reduced affinity. Overall, 15,279 ZnF peaks were called which were highly en-
riched at CpG islands (CGls) as well as at 5UTRs and promoters (Figure 32C). Se-
guence analysis of the peaks with the DREME tool led to the identification of the orig-
inally designed ZnF motif with relaxed specificity at position 2 and 7 (E-value = 6.8 x
107°9?) (Figure 32D) (Bailey et al. 2009). Moreover, a truncated version of the designed
motif (5’-HGGGGTG-3’) was highly enriched as well (E-value = 2.5 x 10724).

These data demonstrate the capability of the ZnF to bind its intended motif with re-
duced specificity. Since the ZnF was chosen as a targeting module with promiscuous

binding properties, the lack of specificity was rather a desirable feature than an issue.
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It is interesting to note that the ZnF showed strong enrichment at gene regulatory ele-
ments close the transcriptional start sites of the genes, which are important regions for
epigenome editing approaches. Based on these findings, targeted DNA methylation
could be performed with the critical background knowledge about potential binding

sites for the ZnF-fused methyltransferase.

A C D

Enrichment of ZnF-ChIP peaks

1.2 - 19x Z Design motif:
=15,27
] - TGAC
14 = CpG islands |
Promoter (< 3 kb) [ Enriched motif #1:
— 0.8 A z
3 Downstream (< 3 kb) [ .
S 06 A 5UTR [ ")
S LR F S
-» 3UTR [1
e 0.4 4 . Enriched motif #2:
Coding exon [ .
0.2 - Intron [1 .,
0 o Distal intergenic || - JEVVVVV T
VEGFA Untargeted 0 5 10 15 20 25
promoter  promoter Observed / expected

125 250 350
znF chip ! ‘ 2 ' 5 l
Input | 725 250 350
0 - 0 Q
ZnF motif [] ! ]
CpG islands -
RefSeq genes — ——
VEGFA NRP1 ENO1

Figure 32: Cross-linked ChlIP of the ZnF fused to a triple hemagglutinin (HA)-tag reveals genome-wide
binding to its designed sequence with reduced specificity. A) ChlP-qPCR results of the targeted VEGFA
promoter and the untargeted promoter of the FZD10 gene. ChIP signals were normalized relative to input
(n = 1 repli-cates). B) Representative browser views of the ChiP-seq data of HA-fused ZnF and the
corresponding input. Browser views generated using the Integrative Genomics Viewer (IGV) and the
promoter regions of the VEGFA (chr6:43735154-43742227, hg19), NRP1 (chr10:33619838-33627164,
hg19) and ENO1 (chr1:8935063-8941166, hg19) genes are shown. The position of the ZnF motif (5'-
GGGGGTGAC-3) is indicated with a black arrow. C) ZnF-ChlIP peaks were called using the MACS2 tool
and their enrichment in genomic elements was determined by the CEAS tool (http://cistrome.org/) (Liu
etal. 2011). D) The peaks of the ZnF-ChlIP were analyzed for motif enrichment using DREME. The motifs
showing strongest enrich-ment are compared to the originally designed motif of the ZnF. Panel C) and
D) were adapted from Broche et al. (2021).
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4.1.2 Genome-wide methylation dynamics after induced ZnF-3AC overexpres-

sion

Targeted DNA methylation for the analysis of the dynamics of DNA methylation has
already been applied by various groups. However, the technical approach for the de-
livery of the mark, as well as the cellular systems and the respective target regions for
DNA methylation editing strongly differed between these groups. Hence, it is no sur-
prise that contradictory observations were made regarding the de novo methylation
efficiency and its stability after installation. While some studies showed that the intro-
duced DNA methylation was not maintained over longer periods of time (Amabile et al.
2016; Kungulovski et al. 2015; Vojta et al. 2016), others reported its stable establish-
ment or persistent proficiency to silence a gene of interest for several weeks (Bintu et
al. 2016; Stolzenburg et al. 2015). These diverging findings left many questions unan-
swered, and the studies often focused on a low number of target genes or artificial
reporter systems. Therefore, a more global view on DNA methylation dynamics was of

great interest.

In various studies, targeted DNA methylation was introduced by transiently transfecting
the cells with plasmids coding for the respective constructs using cationic polymers or
lipids (Stepper et al. 2017; Vojta et al. 2016). However, this vector delivery method
displays multiple undesired side-effects, as it causes severe changes in the genome,
transcriptome or the cellular phenotype (Stepanenko and Heng 2017). For this reason,
the generation of a stable HEK293 cell line was selected as an alternative approach
which allows the doxycycline (dox)-inducible expression of ZnF-3AC through a TRE3G
promoter (Figure 33A). In this highly sensitive Tet-On gene expression system, a rtTA3
protein is constantly expressed within the cell. By addition of dox, a conformational
change occurs within the protein enabling it to bind to the tetracycline responsive pro-
moter (TRE), which, in turn, is comprised of a minimal cytomegalovirus (CMV) pro-
moter and seven TetO repeats (Das et al. 2016; Markusic et al. 2005). As a conse-
guence, ZnF-3AC expression could be controlled in a time-dependent manner. The
expression of the construct could be monitored by the co-expression of GFP over an
internal ribosomal entry site (IRES). The experiments were designed to induce ZnF-
3AC expression for three days (‘3d dox’) by the addition of dox (Figure 33B). At day
three, cells were enriched by fluorescence-activated cell sorting (FACS). A fraction of
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them was harvested and further processed, while another fraction was re-cultured un-
der dox-removal condition and harvested at later time points ('5d/8d/11d off’). Addition-
ally, a sample without dox treatment was harvested as a reference for the initial epige-
netic state of the cells ('no dox’). Dox induction of ZnF-3AC enabled the fusion protein
to globally bind its intended targets and introduce DNA methylation for up to three days.
In the further time course of the experiment, the de novo methylation could either be

maintained or get lost.

There is a wide variety of methods available for the genome-wide analysis of methyla-
tion levels. Amongst the most commonly used ones is whole-genome bisulfite se-
guencing (WGBS) which provides information of methylation levels at single-CpG res-
olution, albeit it relies on a high sequencing coverage which involves a lot of resources.
Besides methylated DNA immunoprecipitation sequencing (MeDIP-seq) utilizing a
specific antibody against methylated single-stranded DNA, methyl-CpG binding do-
main sequencing (MBD-seq) has been employed as a cost-efficient method with me-
dium resolution and an analysis workflow similar to ChlP-seq (Aberg et al. 2020;
Jeltsch et al. 2019). In the course of this work, a protocol has been established which
is described in detail in chapter 3.4.1. For this technique, the MBD domain of Methyl-
CpG-binding domain protein 2 (MBD2) was utilized due to its high specificity and affin-
ity for 5mC (Mellén et al. 2012). Fusion to a glutathione S-transferase (GST) tag facil-
itated the enrichment and purification of MBD2-bound methylated DNA. Afterwards,
the DNA was either analyzed by quantitative PCR (qPCR) or submitted to the MPGC
facility for library generation and NGS. Subsequently, the retrieved data files were pro-

cessed as described in Appendix 1.

In the first step of the analysis, the MBD2-seq data derived from untreated HEK293
cells (‘no dox’) were compared side-by-side with ZnF-ChlP-seq data. The analysis fo-
cused on the signals in CpG islands (CGlIs), as they are supposedly the most relevant
targets for DNA methylation in this experimental setting. Conspicuously, the strongest
ZnF enrichment was observed in unmethylated CGIs whereas heavily methylated
CGls were fully depleted in ZnF binding (Figure 33C). This moderate to strong negative
relationship between the MBD2-seq and ZnF-ChlP-seq signals is expressed by a
Spearman’s correlation factor of p = -0.49. In respect of the goal of this study to in-
crease methylation at unmethylated loci, the lack of ZnF binding to pre-methylated

CGils did not constitute a serious constraint. Kungulovski et al. (2015) previously
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demonstrated the successful introduction of DNA methylation at close proximity to the
ZnF binding site in the VEGFA promoter using the same ZnF-3AC construct, but using
an adenoviral delivery system. For the purpose of comparability, the VEGFA locus was
also tested in the stable HEK293 cell line setting with dox-inducible ZnF-3AC expres-
sion. Therefore, MBD2-pulldown experiments followed by gPCR (MBD2-gPCR) were
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Figure 33: Targeted DNA methylation by the zinc finger-fused catalytic domain of DNMT3A in HEK293R
cells. A) Stable HEK293R cell line containing a doxycycline (dox)-inducible TRE3G promoter controlling
the expression of the catalytic domain of murine DNMT3A (3AC) fused to a zinc finger (ZnF). Green
fluorescent protein (GFP) is co-expressed over an internal ribosomal entry site (IRES). In presence of
dox, the reverse tetracycline-controlled transactivator 3 (rtTA3) binds the TRE3G promoter and induces
ZnF-3AC expression together with GFP. In absence of dox, rtTA3 is released from TRE3G promoter
and ZnF-3AC expression is disabled. B) Schematic depiction of the experimental workflow for the in-
duction of ZnF-3AC. The cells are treated for 3 days with dox (‘+dox’), followed by the withdrawal of dox
(‘-dox’) for up to 11 days. C) Heatmaps of ZnF-ChIP, and MBD2-seq data in CGls with 5 kb flanks,
sorted by ZnF-ChlIP signals. D) Schematic depiction of the VEGFA promoter region, and the correspond-
ing CGl (red). Individual CpG dinucleotides are displayed as blue lines, the region of the amplicon used
for Bis-Seq and MBD2-gPCR analysis in grey, and the position of the ZnF target motif by a black arrow.
E) and F) Relative MBD2-gPCR signals of 3AC-based constructs at the VEGFA promoter before and
after the induction with dox. Signals were internally normalized to the methylated SLC6A3 promoter.
Error bars indicate the standard deviation of two replicates. G) Bis-seq data showing the average meth-
vlation of all CpGs in the region displaved in D). Panel C) and E) were adopted from Broche et al. (2021).
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conducted and the same region upstream of the ZnF target motif was amplified as
used by Kungulovski et al. (2015) (Figure 33D). The SLC6A3 promoter was chosen as
a reference region for internal normalization of the pulldown in gPCR, based on publicly
available reduced representation bisulfite sequencing (RRBS) data, showing it to be

heavily methylated (Wang et al. 2012).

Compared to untreated cells (‘no dox’), three days of dox induction (‘3d dox’) of ZnF-
3AC led to a strong increase in the MBD2-gPCR signal (Figure 33E). Control experi-
ments using the catalytically inactive E752A mutant of 3AC showed no increase in the
signal, highlighting the requirement of a catalytically active domain for de novo meth-
ylation. Even 3AC without ZnF fusion caused a strong increase in methylation after
induction, indicating strong activity of the untargeted domain. Nevertheless, MBD2-
gPCR signals were still 1.37-fold higher for ZnF-3AC than for 3AC alone, despite of
the even higher expression levels of the untargeted 3AC (Appendix 1 Figure S7B).
Regarding the stability of the introduced methylation at the VEGFA promoter,
Kungulovski et al. (2015) observed a rapid and gradual loss within 10 days with final
methylation levels close to the initial state. A similar trend also appeared in the time
course experiments of this study. Compared to ‘3d dox’, the MBD2-gPCR signals were
reduced by 53 % after 5 days of dox removal (‘5d off’), by 73 % after 8 days (‘8d off’)
and by 83 % after 11 days (‘11d off”) (Figure 33F). Since bisulfite sequencing (Bis-seq)
is regarded as the gold-standard technique for methylation analysis, the dynamics of
DNA methylation at the VEGFA promoter was also tested with this method. Starting
with uninduced cells, an average methylation of below 1 % was detected (Figure 33G).
Induction of ZnF-3AC lead to 72 % DNA methylation at ‘3d dox’, followed by 43 % at
‘6d off’, 28 % at ‘8d off’, and 19 % at “11d off’. This means a relative reduction of 74 %
between ‘3d dox’ and ‘11d off’, which is in good agreement with the results obtained
by MBD2-gPCR.

With the confirmation that the self-developed MBD2-pulldown protocol enables the
quantification of relative methylation levels at a defined locus, the next analysis fo-
cused on the genome-wide methylation dynamics within CGls. Data from all previously
mentioned experimental time points of ZnF-3AC as well as 3AC at ‘3d dox’ were inter-
nally normalized as described in Appendix 1 Figure S3A. To assess the quality of nor-
malization, the ZnF-3AC data were compared to Bis-seq data at selected loci (Appen-
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dix 1 Figure S1A-C). Like in the case of MBD2-qPCR, the MBD2-seq data closely re-
flected the dynamics observed by Bis-seq. Based on the signals in the dataset of ‘no
dox’, all CGlIs were split into two groups and designated as either ‘methylated’ (n =
16,730) or ‘unmethylated’ (n = 10,910). Since pre-methylated CGlIs were not regarded
as suitable targets for potential de novo methylation, the further analysis was only
based on unmethylated CGls which were expected to be more susceptible for major
changes in methylation. It has to be noted that induction of 3AC was already sufficient
to produce around 9300 new MBD2 peaks compared to uninduced cells. However, a
supportive effect of ZnF fusion to 3AC on methylation efficiency could be ascertained
by comparing MBD2-seq data of ZnF-3AC and 3AC with the respective ZnF-ChlP sig-
nals (Appendix 1 Figure 1F). For ZnF-3AC, a moderate Spearman’s correlation factor
(p = 0.43) was calculated compared to ZnF-ChIP, while 3AC displayed only a weak
correlation (p = 0.24).

K-means clustering was applied to all initially unmethylated CGls, and was based on
the MBD2-seq signals of the samples after dox treatment and —removal. In this ap-
proach, four clusters displaying differential methylation dynamics could be identified
(Figure 34A). In cluster A, de novo methylation levels at day 3 were comparatively low
and completely lost after five days. Around 7000 CGls (clusters B-D) showed strong
de novo methylation after three days of dox treatment (Figure 34A+B). Cluster B con-
tained 3257 CGls in which methylation was almost completely lost at ‘5d off’. A gradual
loss of methylation could be observed in cluster C (n = 2297). Relative to ‘3d dox’, two
thirds of the signal were already lost at ‘5d off’, and 90 % at ‘“11d off’ (Figure 34A-C).
Strikingly, cluster D (n = 1411) showed a relatively high methylation stability. After five
days of dox removal, 56 % of the signal was still present, but it was further depleted to
26 % at “11d off’. For the different clusters, half-lives between 1.5 and 8.2 days were
calculated (Figure 34B).

Control experiments showed that transcript- and protein levels of ZnF-3AC at ‘5d off’
were comparable to those observed before dox treatment (Appendix 1 Figure S8A+B).
Hence, the relatively stable methylation of multiple CGls even at later time points could
not be explained by residual ZnF-3AC within the cells. Furthermore, no major differ-
ences in GC- and CpG content were identified across all clusters (Appendix 1 Figure
S9).
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Figure 34: Clustering of CpG islands based on methylation stability after ZNF-3AC editing. A) Heatmaps
of MBD2-seq data in CGIs unmethylated in initial state (‘no dox’) with 5 kb flanks. Expression of ZnF-3AC
was in-duced with doxycycline (dox) for three days (‘3d dox’). Differential methylation stability was tested
5, 8 and 11 days after dox removal (‘6d/8d/11d off’). Clusters A-D were obtained by K-means cluster
using the ChAsE software (Younesy et al. 2016). Subclusters D1-D4 were derived from cluster D and
sorted according to the relative stability at 11d off to 3d dox. B) Summary of cluster sizes and methylation
half-lives of cluster A-D and sub-clusters D1-D4. C) Average MBD2-seq signals of all clusters at the
different experimental time points. The promoters indicate the confidence intervals calculated in Excel
using an alpha value of 0.01. Panels A) and B) were adapted from Broche et al. (2021).

Overall, a rapid loss of DNA methylation was observed for around 87 % of all CGls
(clusters A-C). Consequently, cluster D with its robust methylation over long time peri-
ods was of particular interest to understand the underlying mechanisms leading to sta-
ble methylation. In order to obtain a more defined picture of cluster D, four sub-clusters
(D1-D4) of equal size were generated, based on the signals at ‘“11d off’ relative to ‘3d
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dox’ (Figure 34A). Thereby, strong differences regarding the half-lives of methylation
signals were observed, ranging from 14.7 days (subcluster D1) to 5.2 days (subcluster
D4) (Figure 34B). The most stable subcluster D1 showed a signal which was only re-
duced by 21 % at ‘5d off’ and 46 % at “11d off’ relative to ‘3d dox’ (Figure 34C). While
the main clusters A-D showed a trend towards more stable methylation when the CGls
where methylated more efficiently at ‘3d dox’, the opposite pattern is observed in the
subclusters D1-D4 (Figure 34C).

4.1.3 Knockdown and inhibition of TET enzymes

The loss of the artificially introduced DNA methylation can generally be explained by
different models. In the course of DNA replication during cell division, a new DNA
strand is synthesized and the DNA is present in a hemimethylated state. The mainte-
nance methyltransferase DNMTL1 is able to re-establish the initial methylation pattern,
but if this process does not occur, methylation is passively depleted. However, DNA
methylation can also be actively removed by enzymes of the so-called ten-eleven
translocation (TET) family, which is comprised of three members (TET1, TET2, and
TET3) (Jeltsch and Jurkowska 2014). In regard of the results of the previous chapter,
showing that the vast majority of CGls lost de novo methylation rapidly, the potential

influence of TET enzymes on these effects was of great interest.

In a first effort, knockdowns of individual TETs were attempted using short-hairpin
RNAs (shRNAs). A control shRNA was included, targeting the Renilla luciferase tran-
script which was not present in this experimental setup. The stable ZnF-3AC cell lines
were reinfected with MSCV vectors containing the respective shRNAs. After the anti-
biotic selection and expansion of the cells, which took ten days, the targeted DNA
methylation time course experiment was conducted as previously (Figure 35A). Sam-
ples of cells were taken before and after 3 days of dox treatment as well as after 5
days and 8 days of dox removal. As first step, the knockdown efficiency of the various
ShRNAs was tested at the ‘no dox’ time point by RT-gPCR. The expression of all three
TET enzymes was tested in all of these samples. For normalization, the RAB13 tran-
script was chosen as it is not under the control of a CGI promoter and hence, presum-
ably less affected by potential methylation changes caused by TET knockdown. Ex-

pression levels of RAB13 also turned out to be very constant across all samples (data
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not shown), qualifying it as a suitable gene for normalization. The confirmation of a
sufficient efficiency of the knockdowns was carried out with only one replicate since it
was considered as a pilot study prior to MBD2-pulldown experiments. Presence of the
TET1.2851 shRNA lead to a 61- % reduction of TET1 expression relative to Ren.660
control, while the expression of TET2 (17 % reduction) and TET3 (10 % reduction)
remained largely unaffected (Figure 35B). Similar effects could be observed for the
TET2.617 shRNA, which reduced TET2 transcript levels by 70 %, whereas TET1 (20-
% reduction) and TET3 (25 % reduction) showed only a mild loss in expression. In
comparison, the TET3.9887 shRNA displayed weaker effects on TET3 expression (44
% reduction), but higher specificity in regard of TET1 (5 % gain) and TET2 (9 % reduc-
tion) expression. Overall, in the Ren.660 control cell line, the relative expression of
TET2 to RAB13 was 4.2-times higher than TET1 and 89.7-times higher than TET3,

which may suggest that TET3 plays a minor role in this cell line.

Next, the effects of the TET knockdowns on the stability of DNA methylation introduced
by ZnF-3AC was investigated using MBD2-qPCR. The analysis focused on two differ-
ent groups of CGI promoters: The first group (NRP1 and CCND2) showed a slow and
the second group (SMURF1 and ISG15) a fast loss of DNA methylation signals in the
previous experiments, and hence different mechanisms could be potentially responsi-
ble for the methylation loss. In the case of the first group, no significant difference in
relative methylation stability could be observed between TET1-3 knockdown samples
compared to Ren.660 control samples (Figure 35C). The same applies for the ISG15
locus, where no significantly increased stability was visible. Only at the SMURF1 pro-
moter, a small, but statistically significant increase in signals was observed at the time
point ‘5d off’ for cells expressing TET3.9887 (P = 0.01). For TET2.617, a 2.4-times
higher signal was determined at the same locus, which, however, was statistically in-
significant (P = 0.15).

In summary, the knockdown of individual TET enzymes did not contribute to major
changes in DNA methylation stability at the analyzed loci. Since it was unclear if this
observation can be attributed to residual TET expression and/or compensatory effects

of the respective other two TET family members, an alternative approach was tested.
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Figure 35: Examination of the role of TET enzymes on DNA methylation stability by knockdown and
inhibition experiments. A) Schematic depiction of the experimental time course for the knockdown of
inidividual TET enzymes. Infection with a vector constitutively expressing a specific small hairpin RNA
(shRNA). The numbering of the shRNA refers to its binding site within the CCDS. 10 days post-infection,
the time course experiment is started by induction of ZnF-3AC with doxycycline (dox) followed by removal
of dox for up to 8 days. B) Expression levels of all three TET enzymes (TET1-3) before dox induction after
shRNA-mediated knockdown of individual TETs. Ren.660 targets the Renilla luciferase transcript which is
not present in this setup and serves as reference. TET1-3 expression is normalized to RAB13 expression
and to the Ren.660 control using the Pfaffl method (Pfaffl 2001)) (n = 1 replicate). C) MBD2-gPCR results
at different promoters after knockdown of individual TETs. The signal is normalized internally to the fully
methylated SLC6A3 locus. Error bars represent the standard deviation of two technical replicates. D)
Schematic depiction of the experimental time course for the inhibition of all TET enzymes with N-
oxalylglycine (N-OG). Prior to dox induction of ZnF-3AC, cells were pre-treated with 500 uM N-OG or DMSO,
and treatment was continued during the whole experimental time course. E) MBD2-gPCR results of cells
treated with TET inhibitor N-OG or DMSO respectively at selected promoters after induction and subsequent
removal of dox (n = 2 technical replicates). Data representation is identical as described in C). ‘no dox’ =
before dox treatment, ‘3d dox’ = 3 days of dox treatment, ‘5d/8d off’ = 5 or 8 days after dox removal.

Thereby N-oxalylglycine (N-OG) was used as an inhibitor to abolish the catalytic activ-
ity of all TET enzymes in parallel. N-OG has been reported to be an inhibitor of a-
Ketoglutarate (aKG)- dependent dioxygenases, which also include the TET enzyme
family, and potent TET inhibition by N-OG has also been demonstrated by several
studies (Marholz et al. 2016; Peng et al. 2016; Sudhamalla et al. 2017; Sudhamalla et
al. 2018).
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The ZnF-3AC cell line was pre-treated with either 500 uM N-OG or with DMSO for
three days, and the treatment was continued throughout the entire time course of the
experiment (Figure 35D). Samples were taken at time points ‘3d dox’, ‘5d off’ and ‘8d
off and MBD2-gPCR was conducted as described before. Four promoter CGls, which
showed differential methylation dynamics in previous experiments, were analyzed.
Neither the VEGFA promoter, nor the NRP1 promoter which exhibited medium to high
stability before, showed a significant change in methylation stability after N-OG treat-
ment when compared to the DMSO control (Figure 35E). The same was obtained for
the NOTCH2 and SMURF1 promoters, where TET inhibition did not lead to a signifi-
cantly higher methylation stability at later time points. Altogether, an active role of TET
enzymes in the demethylation of aberrantly methylated CGlIs could not be demon-

strated using these experimental setups.

4.1.4 Implications of global de novo methylation on gene expression

Methylation of CGI promoters is generally associated with the silencing of the respec-
tive gene (Jones 2012). Thus, the direct effects on gene expression caused by global
de novo methylation, and the dynamics of expression changes in respect to varying
methylation levels was investigated. In a first step, the transcription of two heavily
methylated genes (VEGFA, NRP1) was analyzed by RT-gPCR at all experimental time
points. In view of the strong de novo methylation observed at multiple promoter CGls
of regularly-used normalizer genes (e.g. GAPDH, SDHA; data not shown), RAB13
served as a reference gene instead, due to its lack of a CGI at its promoter. Surpris-
ingly, VEGFA expression was not significantly altered after 3 days of ZnF-3AC expres-
sion (Figure 36A) despite of the highly efficient introduction of DNA methylation at its
promoter (Figure 36B). This, however, did not apply to the NRP1 gene whose expres-
sion was reduced by a factor of 6.4 after 3 days of dox treatment (Figure 36A). More-
over, the expression of NRP1 gradually recovered after removal of dox and even sur-
passed the initial expression levels by 26 % at ‘11d off’, which was not statistically
significant though. To get an insight into the global changes of gene expression after
DNA methylation editing, RNA-seq was conducted. RNA libraries of the experimental

time points ‘no dox’, ‘3d dox’, and ‘5d off were generated, submitted to the MPGC
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seqguencing facility, and the received data files were processed as described in more
detail in Broche et al. (2021).
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Figure 36: Implications of genome-wide methylation by ZnF-3AC on gene expression. A) RT-qPCR of
the VEGFA and NRP1 genes before and after ZnF-3AC induction with doxycycline (dox). Expression
was normalized to the RAB13, and uninduced cells using the Pfaffl method (Pfaffl 2001). Error bars
represent the standard deviation of n = 2 biological replicates. B) Browser views of the VEGFA
(chr6:43735552-43755377, hg19) and NRP1 (chr10:33460002-33629297, hg19) genomic loci showing
the MBD2-seq and RNA-seq data at different experimental time points. The RNA-seq data consists of
n = 2 biological replicates merged together, and is normalized to counts per million (CPM). Yellow boxes
highlight the de novo methylated promoter regions of NRP1 and VEGFA. C) Bar diagrams showing the
logz-fold expression changes within the different clusters A-D and sub-clusters D1-4 at different time
points. D) Boxplots showing the expression levels of the genes associated to the CGls from cluster A-
D. Expression levels were calculated as fragments per kilobase of exon model per million reads mapped
(FPKM). The line in the box indicates the median FPKM, the box indicates the 25th and 75th percentile,
and the whiskers the 5th and 95th percentile. Panels C) and D) were adopted from Broche et al. (2021).
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The relative abundance of transcripts was calculated in fragments per kilobase of exon
model per million reads mapped (FPKM). The dynamics obtained by RT-gPCR are
well reflected in the RNA-seq data, showing no major changes in VEGFA expression
(1.2-fold reduction in FPKM) after ZnF-3AC induction (Figure 36B). However, a drastic
loss of NRP1 expression (4.9-fold reduction) after promoter methylation was observed
at ‘3d dox’ and it was still reduced by 22 % at ‘5d off’. For the global analysis of DNA
methylation-induced expression changes, CGls were associated to their closest gene.
Afterwards, the methylation of the previously obtained clusters A-D and sub-clusters
D1-4 could be correlated to the respective dynamics in gene expression. In cluster A,
where only weak de novo methylation was detected, 91 % of the genes remained
largely unaffected and showed less than a 2-fold expression change at ‘3d dox’ (Figure
36C). Cluster B genes displayed almost the same pattern, with 90 % of genes altered
less than 2-fold in expression at ‘3d dox’ (93 % at ‘5d off’) despite the higher efficiency
in methylation at their CGI promoters. In cluster C, a slightly stronger effect was visible,
as 14 % of the genes were downregulated at least 2-fold at ‘3d dox’, and still 5 % at
‘6d off’. In contrast, a strong impact of DNA methylation on expression levels was ob-
served for cluster D, where 42 % of the genes were downregulated at least 2-fold at
‘3d dox’, and 12 % more than 4-fold. Even 5 days after dox removal, the repression

was at least 2-fold for 12 % of the genes and even 4-fold for 2.4 % of them.

The most pronounced effects were noticed in sub-cluster D1, where 55 % of the genes
were reduced in expression by at least 2-fold, 25 % of them more than 4-fold, and 9 %
of them even more than 8-fold. Relatively stable gene repression could be achieved
for a fraction of the genes, with 5 % of them being downregulated more than 4-fold
even 5 days after dox removal, and 20 % more than 2-fold. Interestingly, there is a
clear trend towards higher methylation stability at lowly expressed genes whereas
highly expressed genes appear to be protected better against aberrant methylation
(Figure 36D). This observation was also supported by chromatin state segmentation
analysis (Appendix 1 Figure 3A). Taken all together, the genome-wide introduction of
DNA methylation by ZnF-3AC led to extensive changes in the transcriptome, with more
than 900 genes showing an at least 2-fold downregulation after 3 days. Most of the
genes returned to their initial expression levels after losing the DNA methylation at their
promoters. In contrast, genes with more stable promoter CGI methylation also exhib-

ited a more lasting reduction in expression.
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4.1.5 Changes in the epigenetic landscape after global DNA methylation editing

In the previous chapter, a strong influence on gene expression was observed after
global DNA methylation editing. Thus, the downstream effects after ZnF-3AC-mediated
DNA methylation on the epigenetic landscape were of great interest. Many reports
have described the complex interplay of different histone post-translational modifica-
tions (PTMs) and chromatin-modifying proteins with DNA methylation. Some of these
PTMs show a strong anti-correlation with DNA methylation (e.g. H3K4me3,
H3K79me3). However, some others either co-localize with DNA methylation (e.g.
H3K9me3, H3K36me3, H4K20me3), or show an ambivalent pattern (e.g. H3K27me3)
(Jeltsch et al. 2018).

In this respect, the response of various histone post-translational modifications towards
the introduction of DNA methylation at the same locus was investigated. In addition,
the potential properties of the epigenome network facilitating the stable preservation
of DNA methylation was analyzed. This could be achieved by conducting NChIP ex-
periments for several histone marks that were either associated with active transcrip-
tion (H3K4me3, H3K27ac, H3K36me3) or with gene repression (H3K27me3,
H3K9me3). Cells were tested in untreated state, after 3 days of ZnF-3AC induction
with dox, and up to 11 days after dox removal. For a global insight into the chromatin
dynamics after DNA methylation editing by ZnF-3AC, NGS libraries were generated
and processed as described in Appendix 1.

The NChIP signals were displayed in the same clusters and order as the MBD2-seq
experiments. For H3K4me3 and H3K27ac, no noteworthy changes could be observed
in CGls with low DNA methylation efficiency (cluster A) (Figure 37A+B). In cluster B
and C, where stronger MBD2-seq signals were detected, H3K4me3 was reduced by
15 % and 27 % respectively, but almost returned to initial levels after 5 days. The same
trend occurred for H3K27ac in cluster B and C, where the signal decreased by 14 %
and 21 % and then returned to the initial levels as at ‘no dox’. Intriguingly, H3K4me3
signals dropped by 46 % in cluster D at ‘3d dox’, and only gradually recovered to 87 %
after 11 days of dox removal. Likewise, for H3K27ac the highest loss was observed in
cluster D (39 % reduction), but the acetylation was already restored to 91 % after 5

days. Furthermore, in sub-cluster D1, where the highest relative DNA methylation sta-
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bility was determined, also the strongest H3K4me3 loss was detected (56 % reduc-
tion). Concomitantly, the depletion of this modification was partially stable, and it was
still reduced by 23 % after 11 days in comparison to the initial signal. Similarly,
H3K27ac showed the strongest changes in sub-cluster D1, with a depletion to 50 % at

‘3d dox’ and a partial recovery to 81 % at ‘5d off’.
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Figure 37: Enrichment and dynamics of diverse histone post-translational modifications in clusters with
differentially stable DNA methylation after ZnF-3AC induction. A) Heatmaps of H3K4me3, H3K27ac,
H3K27me3, and C) H3K9me3 ChIP data showing the respective signals in the previously obtained main
clusters A-D and sub-clusters D1-4, after doxycycline (dox)-induction of ZnF-3AC. Heatmaps are cen-
tered around CGls with 5 kb flanks. B) Average ChIP-seq signals of all clusters at the different experi-
mental time points. The error bars indicate the confidence intervals calculated in Excel using an alpha
value of 0.01. D) Profiles of H3K36me3 ChIP data in clusters A-D, centered around CGls with 10 kb
flanks. ‘no dox’ = before dox treatment, ‘3d dox’ = 3 days of dox treatment, ‘5d/8d/11d off’ = 5, 8 or 11
days after dox removal. Panels A), C) and D) were adapted from Broche et al. (2021).
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In the case of H3K27me3, only low signals were visible in the unstably methylated
clusters A-C (Figure 37A). However, a strong enrichment was observed in cluster D,
without showing significant changes over time (Figure 37A+B). Moreover, sub-clusters
D1-2 clearly contained the highest H3K27me3 signals. This is interesting, since these
sub-clusters also previously displayed the highest relative DNA methylation stability,
thus indicating a link between H3K27me3 and robust DNA methylation. Surprisingly,
for H3K9me3, no enrichment could be found in any of the clusters and at any of the
time points of the experiment (Figure 37C). Similarly, H3K36me3 was depleted within
the CGls across all clusters, and showed no changes after DNA methylation (Figure
37D). However, H3K36me3 was enriched in the flanking gene bodies, and higher sig-
nals were observed in the clusters that also showed higher expression levels of the
associated genes at ‘no dox’ (Figure 37D and Figure 36D). Despite of the large alter-
ations in expression of hundreds of genes after DNA methylation editing, gene body
H3K36me3 levels remained unaffected.

Overall, the global introduction of DNA methylation by ZnF-3AC was followed by pro-
nounced changes in the density of the activating marks H3K4me3 and H3K27ac. A
clear trend between high methylation levels at different experimental time points and
concomitant depletion of these histone modifications could be demonstrated. In con-
trast, H3K9me3 and H3K36me3 remained unaffected after DNA methylation editing.
While increased stability of methylation could not be connected to the presence of the
H3K9me3 at the investigated loci, a strong enrichment of H3K27me3 was observed at

the most stably methylated CGls.

4.1.6 The implications of bivalency or H3K27me3 on DNA methylation stability

In the previous chapter, the high DNA methylation stability which was observed in the
sub-clusters D1-2 could be connected to strong signals of H3K27me3 in these regions.
At the same time, H3K4me3 was enriched in the same sub-clusters. This raises the
guestion, whether a bivalent state of the CGls leads to the protection against demeth-
ylation or if H3K27me3 alone is sufficient for this effect. To clarify this question, an
alternative clustering strategy was applied. CGlIs were split into two groups, based on
their methylation state at ‘no dox’. Methylated (M1-3) and unmethylated CGls (U1-4)

were sub-clustered, taking into account the H3K27me3- and H3K4me3 signals at the
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initial state (Figure 38A). The MBD2-seq signals of all time points were presented in
the mentioned clusters. Interestingly, a large cluster (M1, n = 2591) was identified
which showed high levels of H3K27me3 and DNA methylation in the initial state, indi-
cating that the co-existence of both marks is permitted in these cells. Regarding the
initially unmethylated CGls, a bivalent cluster (U1, n = 592), containing strong signals
of H3K4me3 and H3K27me3, and a cluster with high H3K27me3, but low H3K4me3
(U2, n = 506), were obtained. They were complemented by two additional clusters,
displaying high levels of H3K4me3 together with either medium (U3, n = 4107) or low
(U4, n = 7483) H3K27me3. The heatmaps (Figure 38A) and the quantitative analysis
of the MBD2-seq signal depletion (Figure 38B) document the rapid loss of DNA meth-
ylation in clusters U3 and U4, showing similar half-lives of 5.1 days or 4.5 days respec-
tively. In the case of the bivalent cluster (U1), a higher stability of DNA methylation
could be detected (ti2 = 9.4 days). However, an even more stable MBD2-seq signal
was observed in cluster U2, showing a slightly longer half-life of 10.3 days. The fact
that this cluster did not contain high levels of H3K4me3 may suggest that H3K27me3

is the determining factor supporting stable DNA methylation at these CGils.

To further investigate the role of H3K27me3 in preserving the DNA methylation intro-
duced by ZnF-3AC, the goal was to globally reduce H3K27me3 using the highly potent
EZH2 inhibitor EPZ-6438 (Knutson et al. 2014). This was achieved by pre-treating the
cells with either 10 uM EPZ-6438 or equivalent volumes of DMSO for three days before
dox induction of ZnF-3AC. Western blot analysis of whole-cell lysates at ‘no dox’ con-
firmed the strong inhibitory effect of EPZ-6438, showing 8.3-times reduced H3K27me3
levels compared to control cells (Figure 38C+D). The targeted DNA methylation dy-
namics experiment was carried out as previously, but under constant EPZ-6438 or
DMSO treatment. MBD2-gPCR experiments were conducted to investigate the poten-
tial effects of H3K27me3 on DNA methylation stability. For this purpose, three CGls
(CCND2-AS, SHH, and IGF2) were analyzed which all contained high levels of
H3K27me3, and showed stable DNA methylation in the previous experiments (Figure
38E). Strikingly, after 11 days of dox removal, the relative DNA methylation signals
were slightly, but significantly reduced in cells treated with the inhibitor compared to
control cells at the CCND2-AS and IGF2 loci. A slightly reduced stability was also found
at the SHH CGl, which however was not statistically significant. However, in this con-

text, it has to be noted that the SHH locus-specific g°PCR amplicon was located at the
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edge of the H3K27me3 peak. These findings strengthen the previous observation, that
presence of H3K27me3 at certain CGls can support the stable introduction of DNA

methylation over longer time.
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Figure 38: The influence of H3K27me3 on DNA methylation stability. A) Heatmaps were centered
around CGils flanked by 2.5 kb. Signals of H3K27me3 and H3K4me3 before dox treatment as well as
MBD?2-seq signals at all time points are shown. CGls were split in two groups (‘methylated’ and ‘un-
methylated’ CGls) based on their DNA methylation state before ZnF-3AC induction with dox. K-means
clustering was performed in both clusters, based on H3K27me3 and H3K4me3. Three clusters in meth-
ylated CGls (M1-3) with different levels of H3K27me3 were obtained as well as four clusters in unmethyl-
ated CGls with high (U1-2), medium (U3) and low (U4) H3K27me3 levels. B) Average methylation levels
of clusters U1-4 fitted to a single exponential decay curve. The corresponding half-lives of the methyla-
tion are displayed in the table. C) Western Blot image showing the content of H3K27me3 and histone
H4 in whole cell lysates originating from the stable HEK293R cell line before induction of ZnF-3AC
expression. Cells were treated with either DMSO or the EZH2 inhibitor EPZ-6438 (10 uM) for 3 days.
D) Quantification of the intensity of the H3K27me3 bands relative to the histone H4 bands from C) after
treatment with EPZ-6438 or DMSO using the ImageJ software. E) MBD2-qPCR results of the CCND2-
AS, SHH and IGF2 promoter CGls after treatment with 10 uM EPZ-6438 or DMSO. The browser views
show the localization of the qPCR amplicon. The ChIP-seq data of H3K27me3 and MBD2-seq data from
previous experiments at ‘no dox’ is displayed. Error bars represent the standard deviation of two
technical replicates. The P-values are calculated with Excel, using the one-tailed t-Test assuming equal
variance.
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4.2 Engineering of an EpiEditor with improved specificity for tar-

geted DNA methylation editing

The development of epigenome editing tools (EpiEditors) with high target specificity
and efficiency, is of great interest for clinical applications and basic research. With
these tools, the chromatin state of a region of interest can be reprogrammed without
altering the genome sequence (Kungulovski and Jeltsch 2016). For instance, many
diseases are associated with hypomethylation of various gene promoters, leading to
the aberrant expression of disease-driving genes (Jin and Liu 2018). Targeted re-meth-
ylation of these promoters using EpiEditors might consequently enable the reverse the
undesired epimutations. Stepper et al. (2017) could demonstrate that a single-chain
construct consisting of the catalytic domain of Dnmt3a (3AC) and the C-terminal do-
main of Dnmt3L (3L) fused to dCas9 showed stronger methylation at various promoters
than a construct lacking the Dnmt3L domain. Meanwhile, Huang et al. (2017) utilized
the dCas9-SunTag system to recruit the antibody (Ab)-fused 3AC to the HOXAGS locus,
and thereby observed low levels of global off-target activity with modest to high meth-

ylation efficiency.

The aim was to develop an improved EpiEditor, which on the one hand has the poten-
tial to introduce high levels of DNA methylation at a specific target locus, and on the
other hand displays a minimum of off-target activity at other genomic loci. The technical
design of the project was developed in collaboration with Dr. Pavel Bashtrykov, and
the obtained samples were split into two separate experimental pipelines. First, the
MBD?2 pulldown-based approach was performed together with the Bachelor’s student
Laura Laistner, and allowed a fast screening of de novo methylation, as well as the
analysis of genome-wide methylation changes. The obtained data will be illustrated in
this chapter. Second, Bis-seq was conducted by the Master’s student Daniel Hofacker
in order to get information about methylation efficiency at single-base resolution. Even-
tually, the Bis-seq results and the MBD2-seq data were published in the ‘International
Journal of Molecular Sciences’ (Hofacker et al. 2020), which is attached as Appendix

2 in this thesis.

At the beginning, the already available targeting platforms were compared with differ-
ent combinations of effector domains. Specifically, the dCas9 direct fusion system and

the dCas9-SunTag system were both tested with either 3AC or single-chain 3AC-3L.
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The dCas9 protein forms a complex with a single guide RNA (sgRNA) and binds to its
target sequence by the formation of an RNA:DNA hybrid structure. In the case of di-
rectly fused 3AC-3L (dCas9-3AC-3L), a second EpiEditor has to be recruited through
the RD interface of 3AC in order to form the catalytically active DNMT3AC/3L tetramer
(Figure 39A). For dCas9-3AC, even three further EpiEditors need to be recruited
through the RD and FF interfaces of 3AC to assemble an active DNMT3A tetramer at
the target locus (Rajavelu et al. 2012). In comparison, the dCas9-SunTag system con-
tains ten GCN4 peptide sequences which enable the recruitment of multiple individual
Ab-fused 3AC(-3L) fusion proteins (SunTag/ Ab-3AC(-3L)) (Figure 39B). Active tetram-
ers can, hence, either form as a consequence of Ab-mediated recruitment of two 3AC-

3L dimers or by 3AC-mediated recruitment through its multimerization interfaces.

HEK293 cells were transiently transfected with plasmids coding for the EpiEditors, and
the sgRNA targeting the ISG15 promoter. Three days after transfection, positive cells,
co-expressing different fluorescent markers, were enriched by FACS. Untransfected
cells were harvested in parallel and served as a reference. MBD2-qPCR was con-
ducted, and the signals were normalized to the fully methylated SLC6A3 promoter as
before. Targeted de novo methylation was analyzed using primers that bind in proxim-
ity to the dCas9 target sequence at the ISG15 promoter. Furthermore, potential off-
target methylation was also investigated at the untargeted VEGFA promoter.

Both loci showed very low initial methylation in untransfected cells (Figure 39C). All
EpiEditors were able to introduce methylation at their target region. The strongest sig-
nals could be observed for the systems containing 3AC-3L, with relative MBD2-gPCR
signals of 0.80 for dCas9-3AC-3L, and even 0.85 for SunTag/Ab-3AC-3L. However,
for dCas9-3AC-3L the off-target methylation (0.70) was almost as high as the target
locus methylation. A similar effect was observed for SunTag/Ab-3AC-3L, with a relative
MBD2-qPCR signal of 0.64 at the VEGFA locus. In comparison, dCas9-3AC displayed
only medium methylation efficiency at the 1ISG15 promoter (0.44) with still relatively
high off-target methylation (0.27). Interestingly, the SunTag/Ab-3AC system showed
by far the lowest signals at the VEGFA promoter, but targeted methylation was also

the lowest (0.33) compared to the other systems.
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Figure 39: Comparison of different EpiEditing systems for targeted DNA methylation. A) dCas9 fused
to the catalytic domain of DNMT3A (3AC) and the C-terminal domain of DNMT3L (3L). The fusion protein
forms a complex with a single guide RNA (gRNA) and binds to its target locus. B) dCas9 fused to a
SunTag, comprised of ten GCN4 peptides that are separated by 5 aa linkers. An antibody (Ab) is fused
to single-chain 3AC-3L for recruitment to the GCN4 peptide. C) Relative MBD2-gPCR signals at the
targeted 1SG15 and untargeted VEGFA promoters. Signals were normalized to the fully methylated
SLC6A3 promoter. Error bars represent the standard deviation of two or three biological replicates.

Based on this result, the SunTag system was chosen for further optimization due to
the high methylation efficiency observed for SunTag/Ab-3AC-3L and the very low off-
target activity of SunTag/Ab-3AC. Since an increase in 3AC activity appeared to be
rather difficult to achieve, the focus was set on the improvement of 3AC-3L specificity
without a major loss of methylation efficiency at the target locus. Therefore, the crystal
structure of the catalytic domain of DNMT3A (pdb 5XY2; Zhang et al. 2018) was ana-
lyzed, and multiple basic residues on its surface were identified. These residues form
a positively charged patch which can interact with the negatively charged DNA phos-
phodiester backbone (Figure 40A). To abolish the undesired off-target activity of Ab-
3AC-3L, the rationale of the design was to mutate individual arginines (R) or lysines
(K) to glutamic acid. By this, a reversal of the charge was introduced, leading to a
repulsion of the effector domain from DNA (Figure 40B). In the presence of a targeting
module, Ab-3AC(-3L) would be forced into a DNA contact due their spacial proximity.
In a different approach, the R885 residue, responsible for the formation of the RD in-
terface, was mutated to alanine (A). The idea behind this was to artificially bring two
Ab-3AC-3L dimers together at the SunTag by Ab-mediated recruitment, joining them
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Figure 40: Engineering of a SunTag/3AC-3L system for improved specificity. A) Crystal structure of two
catalytic domains of DNMT3A (3AC) (pdb 5YX2, (Zhang et al. 2018)) colored based on their surface
charge (blue = positive, red = negative). The DNA is depicted in yellow, the basic residues substituted
by mutagenesis (K766, R831, K844, R887) are highlighted by cycles. The dashed line indicates the
interaction interface between two 3ACs. Adapted from (Hofacker et al. 2020). B) Schematic depiction of
the experimental design. By mutagenesis of individual arginine or lysine resiudes to glutamic acid, the
charge of the residue within the basic patch is reversed. The affinity to the DNA is reduced due to the
negative charge of the DNA phosphate diester backbone, leading to less off-target binding of the
effector. C) Relative MBD2-gPCR signals of the different 3AC-3L variants at the targeted 1SG15
promoter, and the untargeted VEGFA promoter. Signals were normalized to the fully methylated SLC6A3
promoter. Experiments were conducted in one (K766E), two (WT and R885A), three (K844E9 or four
(R831E) biological replicates. Error bars represent the standard deviation. D) The MBD2-qPCR signal
of ISG15 was divided by VEGFA (x-axis), and VEGFA was substracted from ISG15 (y-axis) to assess
relative the specificity and absolute gain in methylation of different EpiEditors. The EpiEditors tested in
the context of dCas9 direct fusion are written in red letters, and in the context of the dCas9-SunTag
system in black letters.

into a potentially active tetramer. At the same time, freely diffusing Ab-3AC-3L dimers

would not be able to form a stable tetramer at off-target sites.

Transfections and downstream experiments were carried out as for the wildtype (WT)
constructs previously. For the RD interface mutant Ab-3AC(R885A)-3L, no noteworthy
increase in relative MBD2-qPCR signal was detected at the ISG15 promoter (Figure
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40C). However, all mutants which were designed for the reduction of DNA binding still
showed medium to high residual activity at the target locus with strongly decreased

off-target methylation. The Ab-3AC(K766E)-3L construct exhibited the highest activity
of all mutants with a relative MBD2-qPCR signal of 0.66 at the target site, but also mild
levels (0.20) of untargeted methylation at the VEGFA promoter. The Ab-3AC(K844E)-
3L variant still showed medium to high on-target methylation (0.54), but strikingly, off-
target methylation was very low (0.10). In the case of Ab-3AC(R887E)-3L, similar on-
target (0.49) and off-target (0.08) methylation was observed. Finally, a large impact on
the overall activity was displayed by the Ab-3AC(R831E)-3L mutant, with a relative
methylation of 0.40 at the 1ISG15 locus and 0.07 at the untargeted VEGFA promoter.

In order to evaluate the specificity and efficiency of the different EpiEditors, the ratios
as well as the deltas of the methylation signals of ISG15 compared to VEGFA were
calculated (Figure 40D). The relative preference for on-target methylation of Ab-
3AC(K844E)-3L (5.6x), Ab-3AC(R831E)-3L (5.8x), and Ab-3AC(R887E)-3L (6.2x)
were almost as high, as of Ab-3AC(WT) (6.5x). However, the absolute gain in methyl-
ation was clearly greater for all of these three mutants, thus combining both, high meth-
ylation efficiency and specificity. The other variants tested in the context of the SunTag
system as well as the dCas9 direct fusion system were all substantially less specific or

active.

In the next step, the genome-wide off-target activity of the most promising constructs,
Ab-3AC(K844E)-3L, and Ab-3AC(R887E)-3L was investigated by MBD2-seq, and
compared to Ab-3AC(WT)-3L, and Ab-3AC(WT). For this purpose, DNA libraries were
generated for all MBD2 pulldown samples, and sent to the MPGC sequencing facility
for NGS. While the ISG15 promoter CGIl was unmethylated in untransfected cells, a
major increase in methylation could be observed for all tested constructs, analogously
to the differences in the signal obtained by MBD2-gPCR for this locus (Figure 41A).
The same applies for the untargeted VEGFA promoter, which gained high levels of
methylation by Ab-3AC(WT)-3L, and only low methylation by Ab-3AC(K844E)-3L, Ab-
3AC(R887E)-3L, and Ab-3AC(WT). To get a more global view into off-target activity,

CGls were tested for changes
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Figure 41: Reduced global off-target methylation by the SunTag/3AC-3L mutants shown by MBD2-seq
analysis. A) Browser views of MBD2-seq data tracks generated with the Integrative Genomics Viewer (IGV).
The targeted ISG15 (chr1:948441-950302, hg19), and the untargeted VEGFA (chr6:43736149-43754992,
hg19) regions are shown. The targeted CpG island (CGI) of ISG15 is highlighted by a green, the untargeted
CGI of VEGFA by a red shade. B) Heatmaps showing the signals of MBD2-seq data within CGls. 1-kb flanks
are displayed around the center of the CGls. The CGIs a clustered in two groups (‘Methylated’ and
‘Unmethylated’), based on their signals in untransfected cells. C) The signals at the ISG15 CGlI, and the
average signals of all CGls unmethylated in untransfected cells are displayed for the different samples.
Signals were obtained using the multiBigwigSummary tool (Ramirez et al. 2016). D) Signals at the ISG15
CGl relative to the average signals of unmethylated CGls in untransfected cells calculated in C). Panels A)
and B) were adapted from Hofacker et al. (2020).

in methylation after transfection, as they were regarded as important genomic regula-
tory regions amenable for DNA methylation. Therefore, the CGls were subdivided into
two groups, ‘methylated’ and ‘unmethylated’, based on their signals in untransfected
cells (Figure 41B). Ab-3AC(WT)-3L displayed massive off-target activity at most of the
previously unmethylated CGls (Figure 41B+C). Intriguingly, Ab-3AC(K844E)-3L and
Ab-3AC(WT) showed very low de novo methylation at these sites, and an even slightly
lower average off-target signal was observed for Ab-3AC(R887E)-3L. At the target lo-
cus, methylation introduced by Ab-3AC(K844E)-3L was medium to high, while Ab-
3AC(R887E)-3L and Ab-3AC(WT) showed similar, but reduced methylation efficiency
at medium level. When comparing on-target (ISG15 CGI) versus off-target (all initially
unmethylated CGIs) methylation, Ab-3AC(K844E)-3L showed the largest ratio (6.0-
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fold), followed by Ab-3AC(R887E)-3L (4.8-fold), and Ab-3AC(WT) (3.9-fold) (Figure
41D). In comparison, Ab-3AC(WT)-3L globally exhibited only a low preference for the
target locus (1.8-fold). These data indicate that the design of the study was successful,
offering a novel EpiEditing system with improved off-target activity, and adequate effi-

ciency at the target region.

4.3 Reprogramming of the H19/IGF2 imprinting control region by tar-
geted demethylation

Genomic imprinting is an epigenetic mechanism for the control of genes which are
involved in the regulation of growth, and is established during oocyte- and sperm de-
velopment in early embryogenesis. At imprinted loci a so-called imprinting control re-
gion (ICR) is differentially methylated on the maternal and paternal alleles, mostly lead-
ing to monoallelic expression of associated genes (Zeng and Chen 2019). The
H19/IGF2 ICR is a well-studied example, in which the paternally methylated ICR is
located 2-4 kb upstream of the TSS of the H19 IncRNA. This methylation state prevents
CTCF from binding to the ICR and allows an enhancer, located downstream of H19,
to access the IGF2 promoter and activate its expression (Figure 42A). At the same
time, H19 expression is downregulated. In contrast, the maternal allele is unmethylated
at the ICR, thus enabling CTCF to bind and block enhancer accessibility to the IGF2

promoter, while H19 expression is activated (Nordin et al. 2014).

This project was designed in collaboration with Dr. Pavel Bashtrykov. It was also part
of the Master’s thesis of Claudia Albrecht, who participated in cell culture experiments,
and downstream experiments equally. The ultimate goal of the project was to repro-
gram the H19/IGF2 imprinting control region (ICR) by targeted DNA demethylation,
facilitating CTCF to bind the previously methylated allele, and induce the loss of im-
printing (LOI) of the IGF2 gene (Figure 42A). It needs to be mentioned that LOI would
not be desirable in potential therapeutic application, as it reflects the epigenetic state
of the Silver-Russell Syndrome (Gicquel et al. 2005; Netchine et al. 2007). However, it

serves as a proof-of-principle and could theoretically be applied for patients displaying
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hypermethylation of both alleles. If these patients carried a heterozygous single-nucle-
otide polymorphism (SNP) at the ICR, this locus could be specifically targeted by an

EpiEditor, leading to the erasure of the aberrant methylation and recruitment of CTCF.
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Figure 42: Allele-specific regulation by the H19/IGF2 imprinting control region (ICR), and tools for the tar-
geted demethylation of the ICR. A) Schematic representation of the H19/IGF2 ICR. At the initial state, the
ICR is unmethylated (white lollipops) at the maternal allele, allowing CTCF (C) to bind and block (red cross)
enhancer (E) accessibility to the IGF2 promoter. The paternal allele is methylated (black lollipops), prevent-
ing CTCF to bind and enabling the enhancer to only access the IGF2 promoter. In edited state, the dCas9-
5xSunTag/Ab-TET1 system demethylates the ICR at the paternal allele, allowing the recruitment of CTCF
(blue arrow). Enhancer accessibility is indicated by a green arrow, inaccessibility by a red arrow. Changes
in accessibility are shown as dashed lines, expression states of H19 and IGF2 by traffic lights. B) Design of
the vectors used for targeted demethylation of the ICR. Yellow boxes = promoters; NLS = nuclear localiza-
tion sequence; HA-tag = hemagglutinin tag; GCN4 = peptide targeted by the antibody (Ab) fused to the
catalytic domain (CD) of human TET1; IRES = internal ribosomal entry site; SV40 = terminator.

For this purpose, the dCas9-SunTag system was utilized together with an antibody
(Ab)-fused catalytic domain (CD) of TET1. The design of the construct was based on
that of Morita et al. (2016), who developed a SunTag with five GCN4 peptides instead
of ten and introduced longer linkers (22 aa) between these peptides to enable a higher
flexibility of the system. Furthermore, they cloned the Ab-TET1(CD) construct, as well
as the sgRNA into the same vector, by which all required components for epigenome
editing are present in each individual cell after transfection. However, for this project,
the technical design was adjusted by cloning only the dCas9-5xSunTag and the Ab-
TET1(CD) into the same plasmid, creating a dual vector (Figure 42B). This allowed

higher experimental versatility, since the sgRNA plasmid could be easily exchanged
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for different targets. Moreover, GFP was co-expressed with Ab-TET1(CD) over an
IRES instead of a direct fusion to the construct, to reduce potential steric hindrance

and allow more flexibility of the effector domain.

In order to confirm the capability of the novel EpiEditing system to reprogram the
H19/IGF2 ICR, HEK293 cells were transiently transfected with either the dual vector
containing the Ab-TET1(CD) EpiEditor, or an empty vector (EV) control without an ef-
fector domain (Ab-EV). Moreover, the cells were co-transfected with a multi-sgRNA
vector coding for five sgRNAs which recruit the dCas9-5xSunTag targeting module to
multiple CTCF target sites (CTS) within the ICR (Figure 43A). Three days after trans-
fection, the cells were sorted by FACS, in order to enrich living single cells that display
green (dual vector) and red (multi-sgRNA) fluorescence. A fraction of these cells was
then harvested for follow-up experiments, and another fraction was re-cultivated for
analysis at later time points. MBD2-seq data obtained in the course of the project from
chapter 4.2 showed relatively high methylation at the ICR in untransfected HEK293
cells (Figure 43A). Furthermore, based on publicly available ChlP-seq data sets, at
least eight potential CTSs with strong CTCF enrichment could be identified within the
ICR. Copy number variant (CNV) analysis revealed the presence of four copies of the
11p15.5 locus in the HEK293 cell line (Lin et al. 2014).

In a first step, MBD2-gPCR was conducted to investigate the efficiency of Ab-
TET1(CD) mediated demethylation at the eight CTSs (CTS1-8). As a reference, un-
transfected HEK293 cells and cells transfected with the Ab-EV dual vector were ana-
lyzed as well. MBD2-gPCR signals were internally normalized to the fully methylated
SLC6A3 promoter region as in the previous experiments. In untransfected cells, the
normalized MBD2-gqPCR signals in CTS1-8 were between 0.33 and 0.71, with a com-
bined average of 0.54. This could be interpreted to indicate, that two out of four alleles
are methylated (Figure 43B). This assumption is supported by preliminary Bisulfite-seq
data obtained by Dr. Pavel Bashtrykov (data not shown). Compared to this, the signal
of an untargeted control region 2 kb downstream of the ICR showed was around 1.3,
which is more than two times higher than the ICR signal. Three days post-transfection
with the dual dCas9-5xSunTag/Ab-TET1(CD) vector, a drastic loss of DNA methylation
within the ICR could be observed (Figure 43B). The methylation at CTS1-8 decreased
to relative MBD2-qPCR signals between 0.11 and 0.38. Interestingly, the weakest

change was observed for CTS8, which also had the furthest distance to a sgRNA target
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site (Figure 43A). On average, the DNA methylation was reduced to a signal of 0.18,
thus being exactly 3x less than in parental cells, and demonstrating the highly efficient
demethylation activity of the EpiEditor. It has to be noted that in the control region the
methylation was also reduced by 60 % compared to untransfected cells (Figure 43B).
Six days after transfection, the methylation levels in the ICR were very constant, reach-
ing an average signal of 0.17. Interestingly, the demethylation in the control region,
which is located 2 kb downstream in the H19 promoter, was only transient and the
MBD2-qPCR returned to 72 % compared to untransfected cells. Even 27 days after
transfection, the low DNA methylation levels at the ICR barely changed, and showed
a relative signal of 0.22. This value is still 2.5x lower than in untransfected cells. The
methylation in the control region did not return to initial levels and stagnated at 68 %.
Transfection with the Ab-EV control did not show drastic changes in comparison to
untransfected cells suggesting that loss of methylation was not caused by dCas9-bind-
ing to its target site, but the catalytic activity of the TET1(CD) was necessary to obtain
the effect.

Next, the aim was to ascertain whether the successful DNA methylation reprogram-
ming at the ICR subsequently enabled the binding of CTCF to its target sites. There-
fore, XChIP experiments with an aCTCF antibody were conducted with either untrans-
fected cells, or cells transfected with the EpiEditing system. The CTCF occupancy was
investigated 6 days, and in addition, 27 days after transfection by ChIP-qPCR to find
out whether the stable reprogramming was also reflected in an increased CTCF bind-
ing over long periods of time. In order to improve the validity of the obtained gPCR
results, the data of the ChIP samples were first normalized to the input, followed by
internal normalization to the average of two unrelated CTCF reference sites. Both ref-
erence sites are characterized by low CpG density and strong CTCF enrichment based

on the publicly available data set.

For untransfected cells, an average relative ChIP-gPCR signal of 0.42 at CTS1-8 was
determined (Figure 43C). The relative signals of 0.28 to 0.58 at the individual CTSs
might indicate that either one or two alleles out of the four total alleles were occupied
by CTCF. No noteworthy signal was detected at the negative control region, located 2
kb downstream of the ICR. Strikingly, six days after transfection with the dCas9-5xSun-
Tag/Ab-TET1(CD) EpiEditing system, the average ChIP-gPCR signal at CTS1-8 more
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Figure 43: Reprogramming of the H19/IGF2 imprinting control region (ICR) by targeted demethylation. The
ICR contains at least eight CTS target sites (CTS1-8). A) Browser view (chrl1:2017176-2025162, hgl9)
showing the DNA methylation and CTCF occupancy at the H19/IGF2 ICR. The MBD2-seq data track was
taken from Hofacker et al. (2020), the CTCF-ChIP data track (experiment ENCSR6171FZ) from Zhang et al.
(2020). The multi-sgRNA target sequences (g5-9) are indicated by a red line. B) MBD2-gPCR data from
either untransfected cells, or cells transiently transfected with TET1 or an empty vector control lacking an
effector domain. Co-transfections were carried out with the novel dual vector system and a multi-sgRNA
plasmid targeting five sequences within the ICR. The bar diagrams show the methylation status before and
after transfection. The data was first normalized to input, then internally to the fully methylated SLC6A3
promoter. Error bars indicate the standard deviation of 2-3 replicates. C) XChIP-gPCR data of CTCF binding
to the ICR before and after reprogramming. The data were first normalized to input, then internally to the
average signal of two unrelated reference (Ref.) regions. Error bars indicate the standard deviation of 2-3
replicates.

than doubled (2.5x) and ranged from 0.52 to 1.51. Even 27 days after transfection, the
average relative CTCF signal at CTS1-8 was 2.1-fold higher than in untransfected
cells, and remained in a similar range of 0.55 to 1.32. The observation, that elevated
CTCF binding at the ICR was retained almost four weeks after transfection perfectly

agrees with the detection of stably reduced methylation levels at this locus.

Further experiments are still ongoing in collaboration with Claudia Albrecht, and will be
part of her Master’s thesis. Thereby, the changes of H19 and IGF2 expression after
ICR reprogramming will be investigated. Furthermore, the potential off-target effects
caused by Ab-TET1(CD) expression will be analyzed by MBD2-seq. In order to gain
insight into the methylation and hydroxymethylation state at single-base resolution,
Bis-seq as well as oxidative Bis-Seq will be carried out, and supported by Nivethika
Rajaram.
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5. Discussion

DNA methylation is a major epigenetic signal and involved in a multitude of regulatory
processes. The accurate establishment and maintenance of DNA methylation patterns
is critical in mammalian development, and for the preservation of cell identity. Aberra-
tions in DNA methylation are linked to numerous types of cancer and other diseases.
Despite being mostly described as a ‘silencing’ mark, its function is highly context-
dependent. Usually, the presence of DNA methylation at CGI promoters is associated
with the silencing of the underlying gene. Besides its physical properties directly affect-
ing the local chromatin, DNA methylation requires the crosstalk with additional factors
for the induction of a repressed epigenetic state. In mammals, the enzymes of the
DNMT family were identified to be responsible for the deposition of the 5mC mark. Vice
versa, DNA methylation can also be actively removed by TET dioxygenases, or pas-

sively lost by DNA replication (Greenberg and Bourc'his 2019; Jones 2012).

To date, numerous groups have employed the catalytic domains of DNMTs and TET
enzymes, and fused them to a DNA binding domain (DBD) in order to modify the DNA
methylation states at defined regions. However, these DBDs strongly vary in specificity
and flexibility (Kungulovski and Jeltsch 2016). The variable specificity of the targeting
devices was taken as an advantage in the main project using a ZnF fusion, because it
was aimed to introduce DNA methylation at a large number of genomic sites to get a
more global insight into DNA methylation features. In contrast, the dCas9-based pro-
jects were directed at highly specific editing of DNA methylation states. In addition, the
application of a self-developed MBD2-pulldown assay enabled the rapid screening of
the modulated DNA methylation levels via gPCR, and offered the possibility to analyze
the accompanied genome-wide effects by subsequent next-generation sequencing
(Aberg et al. 2020). In this chapter, the findings of the diverse epigenome editing ap-
proaches will be discussed in detail, and a light will be shed on the dynamic interplay
of the epigenome network with de novo DNA methylation. Moreover, the general pit-
falls and challenges of stable and/or efficient DNA methylation editing will be dis-

cussed.
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5.1 Dynamics of the epigenome network after global DNA methyla-

tion editing

Genome-wide deposition and dynamics of DNA methylation

Targeted DNA methylation is a widely used approach in basic science to gain insight
into the regulatory effects of this modification on the epigenetic landscape, and on gene
regulation. With its presumably high silencing potential at gene promoters, DNA meth-
ylation editing is also a promising tool for potential future therapeutic application, for
instance in various types of cancer. However, a lot of progress is still required in order
to implement this technique in patients in a safe and eligible way. The main concerns
about epigenome editing generally include the concomitant off-target effects, the effi-
ciency of the induced changes, the inheritability of the modified mark, and the gener-

alizability of the approach for different targets (Kungulovski and Jeltsch 2016).

By employing a ZnF protein in fusion with 3AC, the intention of this project was to
introduce DNA methylation at thousands of genomic sites. Statistically, the utilized ZnF
designed to target a 9-bp motif had a binding probability of p = 4%, which should have
resulted in around 12,000 binding sites in the haploid human reference genome Hg19
(n = 3.14 x 10° bp). Interestingly, even more than 15,000 ZnF peaks were identified in
ChIP-seq experiments, indicating a relaxed specificity of the ZnF, which was also
demonstrated in Figure 32D. This observation is in good agreement with the finding of
other groups, where individual fingers of two naturally occurring C2H2 ZnF proteins did
not display perfect specificity (Bulyk et al. 2001; Chou et al. 2017). Hence, small mis-
matches in the target sequence could be tolerated by the ZnF applied in this work, and
consequently enabled the ZnF-3AC construct to be directed to even more genomic
sites. Albeit, the binding of the ZnF towards DNA appeared to be impaired at regions
with repressive chromatin states, as the anti-correlation of ZnF-ChIP data with the
MBD2-seq data at CGls clearly indicated (Figure 33C). At CGls with high DNA meth-
ylation levels, the chromatin is packed more tightly, which presumably affected the
binding of the ZnF to the target DNA (Blackledge and Klose 2011). For this reason, the
utilized ZnF might not be the best choice for projects aiming to remove repressive

101



chromatin marks. Nonetheless, it was a well suited DBD for genome-wide DNA meth-
ylation editing, especially due to its strong enrichment at CGI promoters (Figure 32C).

The establishment of a stable HEK293R cell line containing a dox-inducible promoter
in front of the construct allowed the temporally-controlled coexpression of ZnF-3AC
together with a fluorescence reporter. By this means, it was ensured that only cells
with sufficient expression of the construct were enriched, without experiencing unde-
sired side-effects from transfection reagents (Stepanenko and Heng 2017). Strikingly,
the ZnF-3AC construct was exceptionally efficient in methylating its target regions, with
individual CpG sites at the VEGFA promoter approaching up to 96 % of DNA methyl-
ation, as shown by Bis-Seq (Appendix 1 Figure S1A). Despite using the same EpiEditor
construct, these values even surpassed the highest methylation signals of 76 % within
the VEGFA promoter, obtained in the preliminary study from Kungulovski et al. (2015).
One may speculate that the increased methylation efficiency can be ascribed to differ-
ential dynamics or levels in ZnF-3AC expression, as the previous study used adenovi-

ral vectors as a delivery system for the construct (Kungulovski et al. 2015).

Importantly, DNMT3A requires the formation of a homotetramer for DNA methylation
(Gowher and Jeltsch 2018). This however would imply that the introduction of DNA
methylation by the DNA-bound ZnF-3AC was dependent on the further recruitment of
freely-diffusing fusion proteins via its RD- and FF interfaces. Notably, also 3AC without
ZnF fusion was capable to globally methylate DNA, but with less relative efficiency at
ZnF-ChlP peaks than ZnF-3AC (Appendix 1 Figure 1F). This observation indicated a
synergistic binding of 3AC to the DNA backbone with its active site, together with the
ZnF targeting module, leading to an improved methylation efficiency compared to 3AC
alone. Actually, it was not very surprising that induction of 3AC expression was already
sufficient to induce genome-wide DNA methylation changes. Several studies previ-
ously showed a global increase of DNA methylation after overexpressing full-length
DNMT3A (Jia et al. 2016; Zheng et al. 2017). In conclusion, the fusion of the rather
unspecific ZnF domain to 3AC was beneficial to improve the methylation efficiency at

thousands of CGils.

One major goal of this work was to answer the highly controversial question, whether
the artificial introduction of DNA methylation can be stably maintained over longer time
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periods. Answering this question would, in general, be highly relevant for potential clin-
ical applications utilizing targeted DNA methylation techniques. Diverging observations
were made in various studies, characterizing the 5mC dynamics after targeted DNA
methylation editing. In these studies, the introduced DNA methylation at genes pro-
moters was either rapidly reduced within only a couple of days, or reported to be stable
for several weeks. Similar differences were also obtained in the dynamics of reporter
gene expression after the deposition of DNA methylation at the corresponding gene
promoters. However, the studies considerably differed in the design of the construct,
the cellular systems, the choice of the target loci, and the technical readout. For in-
stance, several groups only indirectly analyzed the inheritance and silencing potential
of DNA methylation based on the expression of a fluorescence reporter in an artificial
setting (Amabile et al. 2016; Bintu et al. 2016; Kungulovski et al. 2015; Rivenbark et
al. 2012).

By investigating the DNA methylation changes on a more global scale and with tem-
poral resolution, this work provides an important basis to understand the differential
stability of endogenous CGI promoter methylation. With its more than 16,000 methyl-
ated CGls in uninduced state, the utilized HEK293R cell line reflected the CpG island
methylator phenotype, which has also been described for various types of cancers or
cell lines (Smiraglia et al. 2001; Toyota et al. 1999). Intriguingly, despite of the efficient
introduction of DNA methylation at thousands of CGls, ZnF-3AC-mediated DNA meth-
ylation was unstable at the vast majority of CGIs (Figure 34A), while the already pre-
exisiting CGI methylation was completely maintained (data not shown). The observed
lack of 5mC stability is supported by the previous finding about CGls being refractory
to DNA methylation due to their sequence content (Long et al. 2016). In addition, fur-
ther studies reported the transient nature of de novo DNA methylation, or the concom-
itant short-term silencing of promoters after DNA methylation editing. Like in this work,
demethylation of CGls already occurred only within a few days (Amabile et al. 2016;
Kungulovski et al. 2015). However, around 10 % of all methylated CGls also displayed
a medium to high 5mC stability, even two weeks after editing. This is a striking finding,
encouraging for future clinical applications relying on the long-term propagation of DNA
methylation. It also underlines the strong dependence on the local features of the CGls,
affecting the stability of the 5mC mark. Sequence analysis of different clusters of CGls
formed based on their level and stability of introduced DNA methylation indicated that
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neither the CpG content, nor the GC density were closely related to 5mC stability (Ap-
pendix 1 Figure S9). Again, our data were supported by the results of other groups,
showing the stable maintenance of DNA methylation at selected promoters for several
weeks (Bintu et al. 2016; Rivenbark et al. 2012; Saunderson et al. 2017).

It remains intricate to clearly determine the cause for the differential loss of DNA meth-
ylation. In theory, passive demethylation accompanied by complete absence of the
maintenance methylation machinery would lead to the halving of 5mC after each round
of replication. With a DNA methylation half-life of 1.5 days, and a doubling time of
around 24 h reported for HEK293 cells, cluster A could principally be assigned to this
category (Figure 34B) (Cervera et al. 2011). However, as the refined stochastic DNA
methylation model proposes, the varying local levels of TET enzymes and DNMTs
might be the factors, defining the stability of the 5mC mark (Jeltsch and Jurkowska
2014). Thus, TET enzymes might compete with DNMT1 to either remove or maintain
the introduced DNA methylation. Indeed, TET1-3 are enriched at active, CpG-rich pro-
moters, and thereby preserve their hypomethylated state (Melamed et al. 2018). The
results in Figure 36D illustrate that especially the genes associated to clusters A and
B displayed high expression levels, and were thus probably protected against aberrant

deposition of DNA methylation by TET enzymes.

A further interesting finding in this work was that the relative DNA methylation stability
was not necessarily dependent on the introduced DNA methylation levels (Appendix 1
Figure S11A). This was in good agreement with the study from Ginno et al. (2020),
showing that the local chromatin environment and TFs strongly affect the turnover of
DNA methylation, instead of the initial methylation levels. They also found that loss of
methylation was more attributable to TET-mediated active demethylation, than on
DNMT1 infidelity (Ginno et al. 2020).

We also sought to address the potential influence of TET1-3 on the stability of the 5mC
modification by conducting knockdown (KD) experiments of individual TETs. Despite
of the relatively high KD efficiencies of TET1 and TET2, no strong effects on DNA
methylation stability were observed. One simple explanation could be an inadequate
choice of investigated loci by MBD2-gPCR. Hence, a genome-wide screening via
MBD2-seq might potentially have revealed a group of CGls displaying differential sta-

bility. However, it seems more likely that the KD efficiency was not sufficient, and the
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local levels of all combined TET enzymes were still sufficiently high to induce demeth-
ylation. This argument is supported by a previous report, showing that TET2 and TET3
both consistently co-occurred at active promoters (Deplus et al. 2013). In retrospect,
an unintentional silencing of the shRNAs resulting from ZnF-3AC-mediated DNA meth-
ylation cannot be ruled out, which consequently would have abrogated the KD effect

during the experiment.

To overcome the problem of inefficient KDs, the simultaneous inhibition of all TET en-
zymes was carried out using a chemical inhibitor. Again, no significant differences in
DNA methylation stability were observed at multiple loci after continuous inhibitor treat-
ment. The unvaried dynamics of DNA methylation might be caused by an insufficient
inhibition of the TET enzymes. However, the most basic explanation for the lack of
effects after TET-KD or TET inhibition would be that the observed demethylation actu-
ally occurred passively, at least at the investigated promoters. To ultimately clarify the
role of TET enzymes in the removal of aberrant methylation, the employment of TET-
knockout cell lines could be a more suitable approach. Moreover, the detection of
5hmC, 5fC, or 5caC resulting from TET-mediated oxidation of 5mC would be a strong
evidence for active demethylation after DNA methylation editing (An et al. 2017).

Dynamic changes in gene expression and the epigenome network after genome-wide

DNA methylation editing

The previously described observations about differential DNA methylation stability at
thousands of CGI promoters indicated that the dynamics of this mark also had to be
examined in view of the local chromatin context. Moreover, it was of great interest to
investigate the pleiotropic effects arising from genome-wide DNA methylation editing.
In general, the presence of 5mC at CpG-rich gene promoters is associated with the
silencing of the underlying gene (Jones 2012). Thus, the goal was to determine
whether the ZnF-3AC-mediated DNA methylation was already sufficient to induce ma-
jor changes in gene expression. In a preprint from Ford et al. (2017), which however
did not pass the peer review process and never was published in a journal, a low re-
pressive capacity of DNA methylation was reported after globally introducing the mark
at gene promoters (Ford et al. 2017). Despite using a similar epigenome editing system
and experimental setup, our data essentially lead to a very different conclusion. With
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more than 900 genes being downregulated at least 2-fold (Figure 36C), it became ob-
vious that DNA methylation did actually have a strong and direct effect on gene ex-
pression. The extent as well as the dynamics of gene silencing were strongly con-
nected to the 5mC levels present at the promoter CGls. Hence, indirect effects such
as a stress response of the cells or the dysregulation of chromatin-associated factors
are very unlikely to explain the observed transcriptional changes. Moreover, no strong
downregulation was observed for the genes associated to cluster A, which only gained

very low levels of DNA methylation.

The observed gene silencing effects can be explained by various mechanisms. For
instance, the binding of multiple transcription factors (e.g. CTCF, SP1, ETS) is im-
paired when a CpG within the recognition motif is methylated. As a consequence, TF-
dependent recruitment of RNAPII to the methylated promoters is abolished (Hashimoto
et al. 2017; Rozenberg et al. 2008). In addition, several very important pathways have
been described, which are all based on the recruitment of MBD protein-containing re-
pressive complexes to methylated CpG sites, followed by chromatin remodeling (Du et
al. 2015). Some of the potentially involved mechanisms will be discussed later in this
chapter. However, it has to be noted that a large fraction of genes did not show a
considerable response to promoter methylation, as the RT-qgPCR data of VEGFA (Fig-
ure 36A), and the RNA-seq data (Figure 36C) showed. A potential reason might be
that additional epigenetic signals were required to induce the silencing of these genes.
Moreover, itis possible that longer induction of ZnF-3AC might had led to a more robust
establishment DNA methylation at the promoters, and thus to a more effective down-

regulation of the genes, as Bintu et al. (2016) previously showed (Bintu et al. 2016).

Our transcriptome data also unveiled that long-term silencing of genes by targeted
DNA methylation editing still poses a tough challenge. Even some of the genes from
the most stably methylated subcluster D1, which retained half of their DNA methylation
at “11d off’, partially returned to their initial expression levels. Importantly, the highly
expressed genes (cluster A and B) were less susceptible for 5mC-dependent down-
regulation than lowly expressed genes (cluster C and D) (Figure 36D, Appendix 1 Fig-
ure 4C). As gene ontology analysis revealed, these genes were merely involved in
processes that could be summarized as ‘housekeeping function’, (Appendix 1 Figure
S12). One may hypothesize that these housekeeping genes possessed a better pro-

tection against aberrant DNA methylation, as their expression levels are usually fine-
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tuned across different cell types in order to maintain basal cellular functions (She et al.
2009). In contrast, the more stably methylated promoters of the less expressed genes
were connected to processes associated with differentiation and development, and
these types of genes are typically highly dynamic in expression (Uyehara et al. 2017).
Taken all together, gene expression and promoter methylation were strongly depend-
ent of one another. The levels of gene expression to de novo DNA methylation dis-

played an inverse dynamic, and were strongly target gene-related.

DNA methylation does not function as an isolated epigenetic signal, but is also tightly
interconnected with the highly complex epigenome network, including post-transla-
tional modifications of histone tails (Jeltsch et al. 2018). More than 500 different histone
PTMs have been identified to date, which together form the histone code and control
a large variety of chromatin-based processes (Huang et al. 2015; Strahl and Allis
2000). Thus, one of our main goals was to gain a better understanding of the dynamic

interplay between DNA methylation and five selected histone PTMs.

Intriguingly, we were able to demonstrate that the deposition of DNA methylation
caused a drastic depletion of the activating mark H3K4me3 at thousands of CGls. The
extent of this antagonistic effect was strongly correlated with the 5mC levels present
at each time point of the experiment. On the other hand, the consistently high levels of
H3K4me3 in cluster A and B were apparently not beneficial for the stable maintenance
of DNA methylation. This is supported by the previous observation, that H3K4me3-
marked CGIs were exclusively protected against off-target methylation caused by
dCas9-3AC (Galonska et al. 2018). Moreover, the loss of DNA methylation at clusters
A-C was accompanied by the recovery of H3K4 trimethylation, indicating that residual
DNA methylation presumably prevented the complete return to initial H3K4me3 levels
(subcluster D1-3) (Figure 37A). Mechanistically, the reduction of H3K4 trimethylation
might be ascribed to the inability of the CXXC domains of MLL1/2 or CFP1 to bind to
methylated DNA. As a consequence, the H3K4 trimethylation mark could not be effi-
ciently re-established once being lost. Vice versa, by utilizing Dnmt1-KO cells, it was
shown that the reduction of DNA methylation was accompanied by the establishment
of H3K4me3, which well reflects the observations of our work (Hashimoto et al. 2010;
Sharifi-Zarchi et al. 2017). The H3K4me3 mark is recognized by the reader protein
TAF3, enabling formation of the transcription preinitiation complex. Accordingly,

RNAPII colocalizes with trimethylated H3K4 at active promoters (Heintzman et al.
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2007; Lauberth et al. 2013). Moreover, there is a positive crosstalk between H3K4me3
and histone acetylation, as trimethylation at H3K4 serves as an anchor for histone
acetyltransferase (HAT) complexes (Zhang et al. 2015). The DNA methylation-depend-
ent reduction of H3K4me3 may thus explain the observed gene repression, and their

overall similar dynamics by inducing a downstream cascade of events.

In line with this, we found that H3K27ac was strongly reduced after DNA methylation
editing (Figure 37B). This effect can also be explained by a mechanism directly linking
DNA methylation to lysine deacetylation. MBD2 is a variable subunit of NURD com-
plexes, and can recruit HDACs to methylated CpG sites (Basta and Rauchman 2015).
The combination of these both effects, MBD2-mediated recruitment of HDACs and the
reduced association of HATs due to H3K4me3 depletion, may thus have contributed
to the acetylation loss. Interestingly, the H3K27ac levels in all clusters and at each
experimental time point well resembled the corresponding expression levels of the as-
sociated genes even more closely than H3K4me3 (Appendix 1 Figure 4C). One may
speculate that after 5mC deposition, H3K27ac responded to the progressing DNA de-
methylation more rapidly, as acetylation is generally a highly dynamic modification oc-
casionally changing within minutes (Weinert et al. 2018). Furthermore, H3K27 acety-
lation was shown to have a strong stimulatory effect on RNAPII activity, and to be
tightly correlated with transcript levels (Stasevich et al. 2014). In summary, our work
provides a comprehensive and time-resolved insight into the antagonistic effects be-
tween DNA methylation, and both activating marks H3K27ac and H3K4me3 at CGls.
By this, the immediate implications of DNA methylation on gene expression, and the

predominantly transient silencing can be explained mechanistically.

A major focus of this work was set on the identification of features of the epigenome
network that support the maintenance of de novo DNA methylation over long periods
of time. The chromatin state segmentation analysis of cluster D clearly indicated that
DNA methylation was more stable Polycomb-repressed chromatin (Appendix 1 Figure
3A), a chromatin state defined by the presence of H3K27me3, and known to regulate
the expression of developmental genes (Filion et al. 2010). As mentioned before, clus-
ter D could also be associated with the promoters of genes involved in development or
differentiation, and therefore it was suspected to observe H3K27me3 at these sites.
Strikingly, a marked enrichment of this modification could be identified exclusively in
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cluster D. Within this cluster, a strong relationship between DNA methylation stability
and H3K27me3 levels was determined (Figure 37A).

This finding was remarkable, as the co-occurrence of both modifications is highly de-
bated. Various studies showed that H3K27me3 and 5mC act antagonistically, and are
mutually exclusive at different genomic elements, such as CGIls or DNA methylation
canyons (Brinkman et al. 2012; Zhang et al. 2020). This is in stark contrast to the re-
sults of our work, demonstrating that H3K27me3 and 5mC did even coexist in more
than 2500 CGls before DNA methylation editing (Figure 38A, cluster M1). Another
group observed that a depletion of the 5mC mark was followed by a gain of H3K27me3,
and vice versa (Hagarman et al. 2013). Again, our data do not confirm this trend, as
the H3K27me3 levels remained unchanged in cluster D after the introduction of DNA
methylation, even after later time points (Figure 37A). These diverging effects might
be explained by the involvement of different variants of PRC2 complexes, some of
them containing the subunits MTF2 and PHF1, which are unable to bind their target
motif in the presence of CpG methylation. Other PRC2 variants however contain the
AEBP2 subunit, which has a strong preference for methylated CpG sites, thus enabling
the maintenance of the H3K27me3 mark after DNA methylation editing (Li et al. 2017;
Wang et al. 2017).

There were also other findings supporting the simultaneous genome-wide enrichment
of both H3K27me3 and DNA methylation, and particularly at CGls. In various types of
cancer, H3K27me3-marked promoters were susceptible for the acquisition of aberrant
DNA methylation (Schlesinger et al. 2007; Takeshima et al. 2015; Widschwendter et
al. 2007). Moreover, Dnmt3b KO-experiments in mice showed that the catalytic activity
of DNMT3B was associated with the enrichment of H3K27me3 at a subset of DMRs,
while the enzyme only functioned as an accessory factor at DMRs marked by activating
histone PTMs (Nowialis et al. 2019). Further studies revealed that monovalent and
bivalent promoters containing H3K27me3 are permissive for the accumulation of DNA
methylation by a DNMT3A mutant associated with microcephalic dwarfism (Heyn et al.
2019; Sendzikaité et al. 2019). Our data illustrate that the H3K4me3/H3K27me3 biva-
lency was not the determining factor allowing the stable propagation of the 5mC marks
over long periods of time, but instead, the presence of H3K27me3 was already suffi-
cient at these CGls (Figure 38A, clusters Ul and U2). A very recent study from Wein-

berg et al. (2021) revealed the mechanism for the recruitment of DNMT3A to
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H3K27me3-marked CGls. These authors showed that DNMT3A1 binds to H2AK119ub
via a newly discovered ubiquitin-dependent recruitment region (UDR) domain (Wein-
berg et al. 2021). H2AK119ub is deposited by PRC1 complexes, recruits and stimu-
lates PRC2 by JARID2/AEBP2 binding, and consequently co-localizes with H3K27me3
(Zhang et al. 2015).

Finally, the effects on gene expression were the strongest in subcluster D1 (Figure
36C), where strong DNA methylation, and the highest H3K27me3 levels co-occured.
These regions also contained H3K4me3, and thus represented a bivalent state. Hence,
it is tempting to speculate that the deposition of 5mC induced the resolution of the
bivalent state in parts, and consequently reinforced the repressive capacity of
H3K27me3. This may also explain why the H3K4me3 did not fully return to its initial
levels (Figure 37A). Furthermore, the efficient long-term repression of genes by com-
binatorial DNA methylation and H3K27me3 enrichment at the corresponding promot-
ers was also observed in the study by O'Geen et al. (2019). Hence, the co-delivery of
5mC and H3K27me3 is a promising strategy for the induction of a stably repressed
chromatin state, and further studies will be required to validate its universality at differ-

ent genomic targets.

A rather surprising observation of this work were the low levels of H3K9me3 at the
already pre-methylated CGlIs (Appendix 1, Figure S4A). This observation was in line
with a lack of H3K9me3 after DNA methylation editing, even at the most stably meth-
ylated regions (Figure 37C). In principle, diverse pathways could have led to the en-
richment of H3K9me3 at methylated CGls. For instance, MBD1 was shown to recruit
either SETDB1 or the SUV39H1-HP1 complex to regions with CpG methylation, fol-
lowed by the trimethylation of H3K9, and the induction of heterochromatin formation
(Al-Sady et al. 2013; Ichimura et al. 2005). Similarly, MeCP2 was reported to direct
H3K9 HMTases to regions containing DNA methylation (Fuks et al. 2003a). An inverse
crosstalk between H3K9me3 and DNA methylation has also been described, as HP1
was shown to direct DNMT3B to major satellite repeats (Lehnertz et al. 2003). Poten-
tially, the low H3K9me3 levels at methylated CGls have been a cell line-specific fea-
ture, which is supported by the finding that both modifications were mutually exclusive
in the HCC1954 and IMR90 cancer cell lines (Hon et al. 2012). By this, one may con-
clude that 5mC-mediated deposition of H3K9me3 does not occur efficiently at CGls in
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various cell types. Nevertheless, Nufiez et al. (2021) recently published their CRIS-
PRoff system, by which they could show that the co-delivery of DNA methylation and
H3K9me3 enabled the stable silencing of a reporter gene in HEK293T cells. In con-
trast, the deposition of only one modification only lead to a transient and less effective
gene repression (Nufiez et al. 2021). This finding indicates a synergistic effect of DNA
methylation and H3K9 trimethylation in maintaining a silent chromatin state, even in a

cell line closely related to ours.

Interestingly, no global effects of DNA methylation on the levels of H3K36me3 at CGls
or gene bodies were observed (Figure 37D). In the case of CGils, it was rather unsur-
prising to obtain no H3K36me3 increase, as this modification is inherently depleted at
transcriptional start sites, independent of the expression level of the underlying gene.
However, a strong correlation between gene expression levels, and the enrichment of
H3K36me3 within the respective gene bodies was reported previously (Barski et al.
2007). Thus, it is difficult to elucidate the unaltered H3K36me3 levels, especially in
cluster D, where strong transcriptional repression was observed. Despite of the similar
mechanism between yeast and humans regarding the deposition of H3K36me3 at
gene bodies, there might still be a different dynamic in setting or removing the modifi-
cation after silencing. At least, no direct crosstalk between the deposited 5mC mark
and H3K36me3 was anticipated, as DNA methylation acts downstream of H3K36me3
at gene bodies by the recruitment of DNMT3A/B via their PWWP domain (Li et al.
2019).

Altogether, our work provided valuable insights into the complex interplay of DNA
methylation with various histone PTMs. We were able to directly connect the dynamics
of the activating marks H3K4me3 and H3K27ac to the changes in gene expression
after DNA methylation editing. Moreover, we identified PcG chromatin to be a suitable
target for the stable integration of the 5mC mark for longer periods of time, and could
reveal a marked antagonistic response against aberrant DNA methylation at the ma-
jority of CGls. Lastly, we were able to demonstrate the strong silencing capacity of
promoter methylation at almost one thousand genes, and thus refined the understand-

ing about the regulation of gene expression by the epigenome network.
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5.2 Engineering of an EpiEditor with improved specificity for targeted

DNA methylation editing

Unlike the main project of this PhD thesis, the goal of the second project was to deliver
DNA methylation with the highest possible specificity, i.e. as little methylation as pos-
sible at off-target sites, but without compromising the on-target methylation. This fea-
ture of epigenome editing systems is of central importance for potential therapeutic
applications, in which the efficient reprogramming of chromatin states is intended,
while undesired side-effects originating from off-target activity have to be avoided. For
this reason, we sought to compare and engineer different EpiEditors based on
CRISPR/dCas9 targeting, as this system displays an improved specificity and flexibility
compared to TALE- and ZnF proteins (Kungulovski and Jeltsch 2016).

In this process, were able to reproduce the observations from Stepper et al. (2017),
showing that the direct fusion of the chimeric 3AC-3L effector domain to dCas9 intro-
duced DNA methylation with markedly higher efficiency at a target promoter than
dCas9-3AC lacking 3L fusion (Figure 39C). Different from their results, we observed a
very high off-target methylation at the untargeted VEGFA promoter. This off-target ac-
tivity of both constructs might be attributed to the unintended binding of dCas9 to other
genomic loci. Using high-speed atomic force microscopy, Shibata et al. (2017) showed
that the Cas9 apoenzyme randomly bound and subsequently slided along the DNA
(Shibata et al. 2017). Consequently, a possible explanation might be the binding of
dCas9-3AC(-3L) to DNA in the absence of sgRNA. This way, one may speculate that
dCas9 brought its directly fused effector domains into close contact to the DNA, and
thereby facilitated the delivery of untargeted DNA methylation. However, the higher
specificity of dCas9-3AC compared to dCas9-3AC-3L (Figure 39D) indicated that the
off-target activity presumably was caused by the employed effector domains. This as-
sumption is supported by a previous study showing that dCas9 or the utilized sgRNA
did not contribute to the off-target methylation of dCas9-3AC (Galonska et al. 2018). A
lower specificity of the dCas9-3AC system has also been previously confirmed by other
studies, and thus contradicts the results from Stepper et. al (2017) (Galonska et al.
2018; Pflueger et al. 2018; Stepper et al. 2017). Notably, in order to be catalytically
active, dCas9-3AC has to form an active 3AC homotetramer, even at the off-target

sites (Gowher and Jeltsch 2018). In contrast, dCas9-3AC-3L only needs to dimerize.
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Based on our data obtained with the dCas9 direct fusion systems, we considered nec-
essary to employ the novel dCas9-SunTag system in combination with either Ab-3AC
or Ab-3AC-3L. Using dCas9-SunTag/Ab-3AC, we observed a medium gain in DNA
methylation at the ISG15 promoter (40 %), and almost no increase at the untargeted
locus (5 %, Bis-Seq data from Laura Laistner’'s Bachelor’s thesis). In comparison,
Huang et al. (2017) obtained a higher gain in methylation at the HOXA5 promoter (80
%), and Pflueger et al. (2018) a lower gain at the UNC5C promoter (up to 19 %) (Huang
et al. 2017; Pflueger et al. 2018). However, the data from the previous ZnF-3AC project
showed, that the efficiency of de novo DNA methylation strongly varies among different
target regions. Furthermore, the gain in methylation is also depended on the concen-
tration of the effector domain within the cell (Pflueger et al. 2018). This also explains
why in the main project of this thesis, we observed high levels of genome-wide de novo
methylation after the overexpression of 3AC, as the construct was under the control of
the strong TRE3G promoter (Qin et al. 2010). Overall, our data indicated that the 3AC
homotetramer formation was not highly efficient in our experimental setting, leading to

unsatisfying low de novo DNA methylation levels at the target locus.

By utilizing the dCas9-SunTag/3AC-3L system, we aimed to overcome this problem,
as only two 3AC-3L dimers had to interact at the RD interface in order to form an active
heterotetramer. We also wanted to make use of the stimulatory effect of 3L on 3AC
activity to boost the efficiency of the effector domain (Gowher et al. 2005). Indeed, in
this setting, were obtained the highest on-target methylation levels of all tested sys-
tems (Figure 39C). Though, similar to the direct fusion of 3AC-3L to dCas9, the off-
target activity at the VEGFA promoter was very high. But even more staggering was
the enormous global off-target activity at thousands of CGIs (Figure 41B), illustrating
the challenges which epigenome editing has to overcome before being applied in ther-

apeutics.

Based on these observations, our goal was to reduce the affinity of the effector domain
to DNA, and consequently reduce its global off-target binding. Our design in protein
engineering aimed to reverse the positive charge of individual lysine or arginine resi-
dues in the 3AC/DNA interface by mutating them to glutamic acid. Previously, a similar
effort was also successfully applied for the bacterial MTase M.Sssl, which displayed a
higher specificity after mutagenizing the DNA binding domain (Xiong et al. 2018). Strik-

ingly, all of our tested DNA interface mutants of 3AC-3L displayed drastically reduced
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off-target activity at the VEGFA promoter (Figure 40C), which also supports the previ-
ous assumption that 3AC binding to DNA was predominantly responsible for the un-
targeted methylation. These mutants also exhibited a medium to high residual activity
at the target locus, indicating that dCas9-SunTag recruitment was efficient and rescued
the reduced DNA affinity of the effector domains. Both, the Ab-3AC(K844E)-3L and
Ab-3AC(R887E)-3L constructs showed an improved relative specificity compared to
the already existing Ab-3AC construct at genome-wide scale, (Figure 41D), and an
equal or higher on-target activity (Figure 40C and Figure 41C). An interesting side note
is the observation that the R887E mutant exhibited a higher activity and slightly
stronger off-target binding than the R831E mutant. Previously, in vitro studies using
arginine-to-alanine mutations actually showed an inverse trend for both variants. An-
other finding of our experiments was that the RD interface mutation (R885A) could not
be rescued by the simultaneous association of multiple effector domains at the SunTag
(Figure 40C). This mutation was shown to cause reduced AdoMet binding, and com-
pletely abolish the catalytic activity of the enzyme (Gowher et al. 2006). Hence, the
R885A mutation has turned out to be too drastic for our DNA methylation editing at-

tempts.

In summary, the dCas9-SunTag-based system in combination with either 3AC or 3AC-
3L displayed are higher specificity, when compared to the direct fusion systems. With
our work, we contributed to the expansion of the toolbox of available EpiEditors, that
can be employed for targeted DNA methylation editing approaches in a more advanced

manner.

5.3 Reprogramming of the H19/IGF2 imprinting control region by tar-

geted demethylation

While many studies have focused in the targeted deposition of DNA methylation at
gene promoters using DNMT3 enzymes, some progress has also been previously
made in the enzyme-driven demethylation of specific genomic regions. Our goal was
to efficiently reprogram the H19/IGF2 imprinting control region (ICR), which should be
achieved by the demethylation of multiple CpG-rich motifs at this locus. In healthy in-

dividuals, the ICR is methylated on one of the two alleles, and hypermethylation of this
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locus is associated with various disorders (e.g. Beckwith-Wiedemann Syndrome or
Wilms’ tumor). Since our HEK293 cell model was methylated on half of the alleles
(preliminary data from Dr. Pavel Bashtrykov), were aimed to remove the present DNA
methylation as a proof-of-principle, and consequently induce the methylation state of
the Silver-Russell Syndrome (Cui et al. 2001; Gicquel et al. 2005; Nativio et al. 2011).
We were also interested in the stability of the reprogrammed state of the ICR. Finally,
we sought to investigate whether the recruitment of the methylation-sensitive insulator

protein CTCF was facilitated after demethylation.

In order to succeed, the choice of a suitable EpiEditing system was of great im-
portance. The first studies aiming to specifically demethylate selected promoters via
the direct fusion of TET enzymes to TALE targeting modules only obtained weak re-
ductions in 5mC levels (Chen et al. 2014; Maeder et al. 2013). Similarly, the direct
fusion of the TET1 catalytic domain to dCas9 led to only a rather mild reduction of 5mC
levels at several gene promoters, but also only very weak off-target effects (Choudhury
et al. 2016; Liu et al. 2016). In a very recent publication from Nufiez et al. (2021), a
strongly improved efficiency of the direct fusion system by applying an elongated 80
aa linker between TET1 and dCas9 was shown (Nufiez et al. 2021). Since this paper
was released after finishing our experiments, the tool was not included in our work.
However, already in 2016, a major step was made in the development of an efficient
targeted DNA demethylation tool by Morita et al. (2016). They combined the dCas9-
SunTag with Ab-TET1(CD) and implemented some important modifications in the de-
sign of the construct. For instance, they cloned all components of the system into the
same vector, applied longer linkers between the GCN4 peptides allowing a higher mo-
bility of the SunTag, and reduced the overall number of GCN4 repeats to five. In the
end, they demonstrated a strong demethylation activity of up to 90 % reduction in

methylation at several loci (Morita et al. 2016).

By employing their novel EpiEditing system, and introducing some minor adjustments
into the construct (e.g. co-expression of GFP via an IRES), we succeeded in efficiently
reducing DNA methylation at the H19/IGF2 ICR to only one third of the initial levels on
average (Figure 43B). The mostly unaltered 5mC levels obtained with the empty vector
control, containing all components besides the TET1 effector domain, also proved that
the demethylation was executed by the catalytic activity of the enzyme. The strong

5mC loss once more confirmed the high proficiency of the utilized dCas9-SunTag/Ab-
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TET1 system. Strikingly, we were able to show that the reduced DNA methylation lev-
els were stable for almost one month, which is of great importance for potential clinical
approaches (Kungulovski and Jeltsch 2016). Although the multiplexed sgRNAs only
targeted four of the CTCF target sites (CTS) of the ICR directly, a marked reduction of
DNA methylation was also observed at the additional CTSs as well, and even at the
H19 CGl, which was located 2 kb downstream of the ICR (Figure 43A+B). This might
be explained by the presumably high flexibility of the SunTag with its long linkers, en-
abling the effector domains to reach genomic regions that were even several kilobases
away from the dCas9 binding site, but within one local 3D region. These long-range
effects of the dCas9-SunTag system were also previously reported by Huang et al.
(2017), highlighting the strong potential of this EpiEditing platform to even modify larger
stretches of DNA (Huang et al. 2017). In the course of our lab work, Horii et al. (2020)
published a study trying to accomplish the same goals as our work. At six of their tar-
geted CTSs, they obtained an approximately 2-fold reduction in DNA methylation five
days after transfection in HEK293 cells. In comparison, at the same sites, we even
achieved a 3.6-fold reduction in MBD2-gPCR signal, demonstrating that our slightly
modified construct was even more efficient (Horii et al. 2020). This effect might be
related to differences in the expression levels of the EpiEditor components. Another
explanation might also be the direct fusion of GFP in their construct, which in parts

may have sterically hindered the effector in the demethylation process.

As a side note, the control region 2 kb downstream was the only site which did not
preserve its hypomethylated state (Figure 43A+B). As this site was located within a
CGl, one may speculate that the local excess of endogenous DNMTSs protected the
CGl against erroneous demethylation (Jeltsch and Jurkowska 2014). This assumption
is supported by the observation, that dCas9-SunTag/Ab-TET1-mediated demethyla-
tion of the murine Fgf21 promoter was only transient and completely lost after six

weeks (Hanzawa et al. 2020).

A further major discovery of our work was the recruitment of CTCF to the CTSs after
targeted demethylation. In principle, it was expected to obtain a 2-fold gain at the max-
imum, as half of the alleles were assumed to be already bound by CTCF. Our average
2.5-fold increase at ‘6 days’ (Figure 43C) indicated a very efficient recruitment of CTCF,
and the excess gain might simply be attributed to experimental fluctuations. A slightly
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weaker gain in CTCF signal was also reported by Horii et al. (2020) in the same ex-
perimental setting, which once more confirms the methylation-dependent binding of
the insulator (Horii et al. 2020). Strikingly, the increased occupancy of CTCF was even
maintained after 27 days, and was concomitant with the low DNA methylation levels at
these sites (Figure 43C). Hence, our study illustrated that the stable reprogramming of
the H19/IGF2 ICR was technically possible. It also shows that the loss of imprinting
can be artificially induced, and thereby probably leads to the reorganization of the chro-
matin topology by CTCF. Based on these results, further work is ongoing to further
characterize the effects of the reprogramming of the ICR on the expression of H19 and
IGF2, the off-target activity of dCas9-SunTag/Ab-TET1, and the changes in the 3D

chromatin structure.
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6. Outlook

The results of this PhD thesis provide a detailed insight into the challenges and oppor-
tunities of targeted DNA methylation editing. We were able to show that the establish-
ment of promoter methylation in many cases had direct implications on gene expres-
sion, but also that only a small fraction of gene promoters actually became stably meth-
ylated. The propagation of the 5mC mark over long time periods was shown to be
dependent on the local chromatin context. It would be an interesting goal to analyze
the DNA methylation stability in different cell lines or even in primary cells, in order to
determine the universal validity of our observations. On the other hand, by using engi-
neered EpiEditing tools, we were also able to demonstrate how DNA methylation can
be delivered or removed with high efficiency at different genomic loci. At the same time,
the off-target effects caused by unspecific 3AC binding were shown to be reduced to
a minimum. In the near future, our currently ongoing targeted demethylation project
will also unveil the specificity of the dCas9-SunTag/Ab-TET1 system on a genome-

wide scale.

With the improved knowledge about the dynamics of the epigenome network, and the
availability of enhanced EpiEditors, it will become more feasible in basic research or
therapeutic approaches to efficiently modify the DNA methylation state at different ge-
nomic loci. However, our data also indicate that it might be necessary to determine the
local chromatin state of a given genomic locus prior to DNA methylation editing, in
order to predict its predisposition for the stable propagation of this mark. The overall
strong protection of CGI promoters against de novo DNA methylation shows that the
deposition of additional chromatin modifications may be unavoidable. In line with this,
several studies previously revealed a more robust silencing of various example genes
by the co-delivery of H3K9me3 or H3K27me3 (Nufiez et al. 2021; O'Geen et al. 2019).
With our improved dCas9-SunTag/Ab-3AC(mt)3L system, a higher specificity in epige-
nome editing approaches is made possible, and similar studies will also be necessary

for histone-modifying enzymes in order to eliminate unintended off-target effects.

For therapeutic purposes, the delivery of the EpiEditors to the unhealthy cells or tissues
still remains a difficult task. For instance, the nucleic acids coding for the EpiEditors

can be introduced into the patient cells by using viral vectors, nanoparticles, liposomes
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or microinjections (Liu et al. 2020). One concept for the treatment of epigenetic dis-
eases in blood cells might be the withdrawal of bone marrow or mobilized peripheral
blood, followed by the isolation and cultivation of hematopoietic stem cells (HSCs). By
transfecting the HSCs ex vivo with the respective EpiEditing tools, the dysregulated
genes could be efficiently silenced or reactivated. Afterwards, the modified cells would
be reinfused into the patient, and could differentiate into various cell types, showing a
healthy phenotype (Morgan et al. 2017). However, still a lot of progress has to be made
in basic research, in order to make epigenome editing applicable and safe for the daily

therapeutic use.
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