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Zusammenfassung

Das Epigenom beschreibt die Gesamtheit der epigenetischen Zustande in einem
Organismus. Es besteht aus den biochemischen Modifikationen der DNA und der
Histon-Proteine, nicht-kodierenden RNAs und der dreidimensionalen Architektur des
Erbguts. Diese Modifikationen und Strukturen steuern die Expression des Genoms in
zelltyp-spezifischen Mustern und kontrollieren daher die Entwicklung des gesamten
Organismus. Die diesbezugliche Forschung erbrachte hauptsachlich beschreibende
Informationen Uber die Korrelation von epigenetischen Modifikationen und
Genexpression. Leider ist bis heute wenig Uber die kausalen Zusammenhange im
epigenetischen Netzwerk bekannt. Mit der Entdeckung der bahnbrechenden
CRISPR/Cas9 Technologie is es heute allerdings moglich, das epigenetisch
Programm gezielt zu storen. Diese Methode, welche auch als Epigenetische
Editierung bekannt ist, erlaubt es Effektormolekilile gezielt an spezifische Gene zu
dirigieren, wo sie Modifikationen setzen oder entfernen kdnnen. Indem anschlielend
die Reaktion des Epigenoms beobachtet wird, kdénnen Ruckschlisse auf die
Funktionsweise des epigenetischen Netzwerkes gezogen werden. Dieses System ist
jedoch recht limitiert in Bezug auf die simultane Modifikation mehrerer Zielgene, was

jedoch eine Notwendigkeit bei der detaillierten Untersuchung von Netzwerken darstellt.

In dieser Arbeit kombinierte ich die beiden Funktionen der Zielbestimmung sowie der
Rekrutierung auf einem Molekll des CRISPR/Cas9 Systems, der gRNA. Auf diese
Weise ist die EPIC’RISPR Plattform in der Lage mehrere Effektormolekule zeitgleich
an ein oder mehrere Ziele zu rekrutieren, ohne dass diese miteinander interferieren.
Ich wies dies nach, indem ich zum einen zeitgleich drei Zielgene aktivierte oder
reprimierte und zum anderen indem ich mehrere Fluorophore an verschiedene Orte im
Erbgut dirigierte. Ich verwendete diese Technologie aullerdem dazu funf verschieden
stark exprimierte Gene simultan mit einem Effektormolekll zu beeinflussen. Daflr
fihrte ich ein Experiment durch, in welchem ich die Auswirkungen von mehr als 60
epigenetischen Effektormolekiilen auf die Expression der Zielgene untersuchte. Dabei
identifizierte ich mehrere vielversprechende Kandidaten, welche potenziell
synergistische und damit starkere und langanhaltendere Wirkung auf das
epigenetische Programm haben kdnnten. Des Weiteren entwickelte ich EIN- und AUS-
Schalter fir das EPIC'RISPR System, welche kleine Molekiile verwenden um die
eingefihrten Effekte in ihrer Starke beliebig zu steuern. Der AUS-Schalter kann
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aulderdem auch fur die Expressionskontrolle von Transgenen verwendet werden, was

die Funktionalitat des Systems noch weiter ausdehnt.

Zusatzlich entwickelte unsere Arbeitsgruppe Protokolle fir die Synthese und
Funktionalisierung von paramagnetischen beads, sowie fur deren Anwendung zur
automatisierten Extraktion von Nukleinsauren im Hoch-Durchsatz-Verfahren. Seitdem
unsere Plattform, welche wir Bio-On-Magnetic-Beads (BOMB) nennen, veroffentlicht
wurde, ist sie zu einem Dreh- und Angelpunkt fur quelloffene Wissenschaft geworden,

insbesondere wahrend der COVID-19 Pandemie.



Abstract

The epigenome describes the sum of epigenetic states in an organism. It consists of
biochemical modifications of the DNA and histone proteins, non-coding RNAs and the
three-dimensional architecture of the genome. These modifications and structures
regulate the genome expression in a cell-type-specific pattern and hence control the
development of the whole organism. Research in this field yielded a lot of descriptive
information about the correlation between epigenetic marks and gene expression.
Unfortunately, we do not know much about the causalities within the epigenetic
network. With the discovery of the groundbreaking CRISPR/Cas9 technology, it is now
possible to interfere with the epigenetic program. This methodology, which is known
as epigenetic editing, allows the recruitment of effector molecules to distinct targets
where they introduce or remove specific modifications. By observing the response of
the epigenome, we can conclude how the epigenetic network functions. However, this
system is somewhat limited regarding the simultaneous modification of multiple loci,

which is a necessity for investigating a network.

In this thesis, | combined the targeting and recruiting functionality of the CRISPR/Cas9
system in one molecule, the gRNA. Like this, this EPIC’'RISPR platform can recruit
numerous effector molecules to one or multiple targets simultaneously without
interference. | demonstrated this by activating and repressing three target genes with
different effector domains at once and by recruiting different fluorophores to several
target loci. | further applied this technology to perturb five differently expressed target
genes simultaneously with one effector molecule at a time. For this, | performed a
large-scale experiment in which | probed the effects of more than 60 epigenetic effector
molecules on target gene transcription. | identified several promising candidates which
might exhibit synergistic behaviour and hence a stronger and longer-lasting impact on
the epigenetic program. Furthermore, | developed ON- and OFF-switches for the
EPIC’RISPR system which utilize small molecules to fine-tune the introduced effects
arbitrarily. The OFF-switch was further applied for transgene expression control,

extending the functionality of this system even further.

Additionally, our group developed protocols for the synthesis and functionalisation of
paramagnetic beads and their application in the automated high-throughput extraction

of nucleic acids. Since its publication, our platform, which we call Bio-On-Magnetic-



Beads (BOMB) has since become a hub for collaborations in open-source science,

especially during the COVID-19 pandemic.



1 Introduction

1.1 Epigenetics

1.1.1 Defining epigenetics

The first mention of the term epigenetics appeared in 1957 [1]. In his work, Conrad
Waddington described the process of cell differentiation metaphorically as a marble on
the top of a hill (Figure 1-1A). The hillside, the epigenetic landscape, is laced with
forking valleys. These valleys represent the intermediate stages of differentiation,
which a cell has to pass to achieve the transition from pluripotency to a fully
differentiated cell type. In this representation, the epigenetic landscape is defined and
formed by the genes which act as pegs that pull the slopes of the valley and determine

the respective pathways (Figure 1-1B).

A) W

; Irﬂ,

gl

I'
Figure 1-1: The epigenetic landscape. Figures were taken from Waddington [1]. A) Marble on the top

of a hill represents a pluripotent cell rolling down the valleys to become a fully differentiated cell type. B)

The genes act as pegs which form the shape of the valley and determine the fate of the rolling marble.

Since Waddington established this metaphor, our knowledge and understanding of
what epigenetics is and how it functions on a molecular level have drastically improved.
Today, we know that epigenetics can be interpreted as a regulatory network that works
above genetic regulation. Epigenetic mechanisms offer the possibility to form genetic
switches that are independent of the primary genetic code, such as e.g. the lac-operon
[2]. They allow for a far greater biochemical complexity within the organism and
contribute to the evolution of complex beings [3]. In 2009, the scientific community

eventually settled on the following definition for the term epigenetics: “An epigenetic
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trait is a stably heritable phenotype resulting from changes in a chromosome without
alterations in the DNA sequence” [4]. Whether the term “heritable” only describes the
dissemination of traits from a mother to a daughter cell or also transgenerational

inheritance from one organism to another is still widely debated [5-7].

Altering the phenotype of a gene in a heritable way, without introducing genetic
mutations, can only be achieved by changing the respective expression level in a
lasting way. A first layer of expression regulation is the condensation of DNA by
proteins called histones. These proteins structure the DNA into subunits called
nucleosomes that play a crucial role in the steric accessibility of the nucleic acid. By
adding various chemical modifications to the amino-terminal regions of the histone
proteins, their binding affinity to DNA can alter. This change in affinity can either create
or close openings for the transcriptional machinery, depending on the respective
modification [8,9]. Another layer of regulation represents the chemical modification of
DNA with methyl-groups which can hinder DNA-binding proteins from detecting their
target sequence and thus altering their effects on transcription [10,11]. Besides
chromatin structure, histone modifications and DNA methylation, long non-coding

RNAs (ncRNA) have been shown to influence gene expression in various ways [12].

1.1.2 The chromatin

To fully grasp how epigenetic modifications can affect the transcriptional state of a
gene, it is paramount to understand the chromatin organisation (Figure 1-2). To
compress the human DNA (~ 2 m long) into a single nucleus of a few um, it is wrapped
around an octameric histone core [13]. These octamers contain two copies of each of
the histone proteins (H2A, H2B, H3, H4) and typically bind 146-147 base pairs (bp) of
DNA in 1.67 helical turns. The resulting subunit is called a nucleosome, which can then
be further condensed into chromatin and eventually the chromosome [14]. Histones,
as described here, have only been reported in eukaryotic nuclei and some archaea,

but not in bacteria [15].



Chromosome Territories

H2A or H2B
H3

H3 Variant

oA X X

H4

Histone PTM

—
=il

L]

e

DMNA Methylation

Nucleus

Chromatin Fiber

)
R s o e

MNucleosome

Figure 1-2: The chromatin structure. The figure was taken from Rosa and Shaw [16]. Two copies of
each histone protein (H2A, H2B, H3, H4) form the core of the nucleosome, which is enwrapped in a
DNA strand of 146-147 bp. DNA methylation (me) and post-translational modifications (PTM) of the
histone tails contribute to the epigenetic programming. The nucleosome can be arranged in a 30 nm

chromatin fibre and fitted into the nucleus.

For the transcription machinery to reach the DNA and promote gene expression, the
chromatin must be accessible. The chromatin already assumes a regulatory role by
arranging the DNA in a defined order. However, chemical modifications can change
the binding dynamics between the DNA and the histone cores and hence alter the
density and conformation of the chromatin. Depending on the respective modifications
(see chapter 1.1.3 for details) the chromatin can either form densely packed areas, the
heterochromatin, which is virtually inaccessible for the transcription machinery or
arrange in openly approachable “beads on a string”, the euchromatin, which can be
easily contacted by transcription factors and polymerases [17]. The heterochromatin

typically contains silenced genes and is positioned in the laminar areas of the nucleus.
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At the same time, euchromatin is associated with actively transcribed genes, and it is
located in the core-centre. However, the chromatin structure, as well as the applied
histone modifications, can be altered dynamically, which means that the expression of
genes can be changed consistently by the cell, usually by recruiting huge remodelling
complexes of several proteins [18]. This enables complex regulatory dynamics

between chromatin structure and gene expression within the cell.

1.1.3 Epigenetic modifications and modifiers

Histone modifications

The epigenetic marks most relevant for this thesis are the chemical modifications of
the amino-terminal histone tails. These marks are placed post translation on various
amino acids of the histone, and so far, an extensive catalogue of different modifications
has been reported. Prominent examples are methylation, acetylation, phosphorylation,
and ubiquitination in the histones H3 and H4, with the first two being studied the most.
In the majority of cases, the precise function of the histone marks is not known yet.
Most studies in the recent past focussed on single modifications though, determining
the exact position for a histone mark in an active, bivalent or repressed gene as well
as in regulatory element [19]. This associative data represents the basis of how we
typically classify an epigenetic mark today. It is assumed, however, that they underlie
a histone code, where a distinct combination of marks determines a specific meaning,

and consequently a precise expression level of the gene [20].

To crack such a complex code, it is paramount to understand how it is set, read, and
erased. Up to today, several hundred proteins have been identified which either
interact with histone modifications directly or with proteins that do, representing a whole
new network of regulatory possibilities [21-27]. | summarized a selection of prominent
epigenetic players as well as their targets and functions in Figure 1-3 for a better
overview. In the following paragraphs, | will describe the most important histone
modifications step by step, explain their association with gene expression and what

their typical interaction partners are.
H3K4

Modifications of the lysine residue at position four of the H3 tail (H3K4) are strongly
associated with actively transcribed genes. H3K4 methylation is by far the most studied

epigenetic mark and can occur in three states: mono-, di- and trimethyl [28,29].
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Especially trimethylated H3K4 (H3K4me3) is strongly associated with active genes and
histone acetylation. It usually locates at the 5’ regions of genes where it flanks the
transcriptional start site (TSS). However, it has also been observed in large clusters
covering multiple genes in the context of developmental homeobox (HOX) genes
[30,31]. The positioning of dimethylated H3K4 (H3K4me2) differs depending on
species and cell type. In vertebrates, it usually correlates with H3K4me3. However,
there are also reports of H3K4me?2 sites that are free of trimethylation and not located
at a TSS, suggesting the modification might be involved in lineage-specific chromatin
states rather than general genomic regulation [29]. Monomethylated H3K4 (H3K4me1)
on the other hand, is highly enriched in the gene body of actively transcribed genes as
well as in enhancers, where it strongly correlates with acetylated lysine 27 of H3
(H3K27ac) [32,33].

H3K4 methylation is a modification introduced by histone-lysine methyltransferases
(HKMTs), of which the majority contains a catalytic Su(var)3-9, Enhancer-of-zeste and
Trithorax (SET) domain. The first HKMT identified to specifically methylate H3K4 was
SET1 [37]. Today we know multiple other H3K4-specific HKMTs, including the Mixed
Lineage Leukemia (MLL) family, which contains five known and one predicted HKMT:
MLL1-4 (KMT2A-2D), SETD1A and SETD1B (predicted) [34]. MLL-family HKMTs are
part of multiprotein complexes and share a common core complex of WDR5, RbPB5
and ASH2. This complex guides MLL1 to its target histones, by WDRS specifically
binding to H3K4me2. The SET domain then introduces the third methyl group, leaving
H3K4me3 as the final product [35].

Several protein domains can specifically detect and differentiate H3K4 methylation.
The Nucleosome Remodeling Factor (NURF) complex e.g. is recruited to open
heterochromatin by sequence-specific transcription factors (e.g. GAGA). It contains a
BPTF subunit which specifically recognizes H3K4me3 via an aromatic cage in its plant
homeodomain (PHD) finger motif. Simultaneously, the subunit detects lysine
acetylation with a bromodomain (BrD) [29], representing a good example for inter-
modification cross-talk. In this context, H3K4me3 serves as a stabilizing factor that
allows the NURF complex to increase the accessibility of the target site and recruit

further factors that facilitate transcription [36].
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Furthermore, H3K4me3 can be bound by Ying1 which, in association with H3K36me3-
binding Eaf3, can recruit the NuA4 complex, a well-known recruiter for histone
acetyltransferases (HAT) such as HTATIP (KAT5) [40]. In this example, H3K4me3
actively promotes transcriptional activity in collaboration with another mark. In contrast,
H3K4me3 has also been shown to recruit histone deacetylases (HDAC) in the case of
DNA damage by offering an anchor point to the PHD-domain in ING2 [41]. Although
this represents a direct link between H3K4me3 and transcriptional repression, it makes
sense that this mark is used as a recruiting point for DNA damage repair mechanisms,
as it is usually present in actively transcribed genes where the need for DNA repair is
more immediate. Another example for H3K4 methylation specificity constitutes the
ADD domain of the de novo DNA-methyltransferase 3A (DNMT3A), which is only able
to bind unmethylated H3K4, but not H3K4me3 [42]. This way, H3K4me3 directly

prevents active promoters from DNA methylation and stabilizes transcriptional activity.

To erase the H3K4 methylation marks, one of two classes of histone lysine
demethylases (HKDM) is required that exhibit different specificities for distinct
methylation states. LSD1 (KDM1A) is the first reported HKDM, and it specifically
demethylates H3K4me2, but not H3K4me3 [43]. The Jumoniji/AT-Rich-Interactive
Domain 1 (JARID1/KDMS5)-proteins, on the other hand, target H3K4me3. It has been
reported that both proteins can act synergistically in global demethylation, but also that

KDMS5 might prevent the silencing of expressed genes by LSD1 [44].
H3K9

H3K9 can participate in both transcriptional repression and activation. The acetylated
version of H3K9 (H3K9ac) is typically located in active promoters and co-localizes with
the histone marks H3K4me3 and H3K14ac [45]. Mono-methylated H3K9 (H3K9me1)
also correlates with active genes, as it is typically enriched around the TSS of active
genes, while di- and trimethylated H3K9 (H3K9me2/3) are usually found in silenced
genes [28]. Interestingly, the same study also demonstrates that some active genes

contain H3K9me2 and me3 in their promoters.

The enzymes responsible for methylation of H3K9 are mostly KMTs of the Suppressor
Of Variegation 3-9 (SUV39) family. Suppressor Of Variegation 3-9 Homolog 1
(SUV39H1) and Homolog 2 (SUV39H2) produce H3K9me3 by using H3K9me1 or me2
as a substrate [46]. Heterochromatin protein 1 (HP1) can bind H3K9me3 via its
chromodomain and simultaneously facilitate the organization of constitutive
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heterochromatin by oligomerization utilizing its chromoshadow-domain [47]. HP1 also
interacts with SUV39H1 and H2, thus spreading and maintaining heterochromatin at
the same time. The SUV39H1/HP1 complex has further been shown to interact with
the Methyl-CpG Binding Domain 1 directly linkihng DNA methylation to H3K9me3
[48,49].

While H3K9me3 is a characteristic mark for heterochromatin, H3K9me2 plays an
important role in the silencing of euchromatic regions and X chromosomes inactivation
(Xi) [50,51], where it interacts with Cdyl, a protein that further interacts with H3K27me3
and recruits another member of the SUV39 family, G9a (EHMT2). G9a forms
heterodimers with GLP (EHMT1) and facilitates the epigenetic inheritance of
euchromatic H3K9me2 [52]. Triggered by binding H3K9me2 with its ANK domain, it
can generate H3K9me2 on neighbouring histones and thus propagate the epigenetic
modification to newly assembled nucleosomes. Furthermore, recent studies suggest
that the G9a/GLP complex is directly involved in genetic imprinting by recruiting de

novo DNA methyltransferases [53].

There are multiple HKDMs, mostly members of the JmjC domain-containing family,
that show specificity towards H3K9 methylation. Most of them even differentiate
between different methylation levels, suggesting a tight and distinct control of H3K9
methylation is crucial for cellular homeostasis. KDM3A, KDM3B and KDM7B e.g.,
specifically demethylate H3K9me1 and H3K9me2, but not H3K9me3 [54-56]. LSD1,
which has also been known to demethylate H3K4me2, shows an even stronger
distinction and only exhibits demethylation activity towards H3K9me2 [57]. H3K9me3,
on the other hand, can be demethylated by KDM4A and KDM4C [58,59].

H3K27 and the Polycomb Group (PcG)

H3K27 is mostly known for its involvement in transcriptional repression. H3K27 is
typically trimethylated (H3K27me3) by the enhancer of Zeste [E(z)] homolog 2 (EZH2)
protein, a subunit of the polycomb repressive complex 2 (PRC2). However, other
HKMTs have been reported to exhibit (weaker) H3K27 methylation activity as well
[60,61]. In Drosophila, PRC2 is recruited at specific DNA sites called polycomb
responsive elements [62], while in mammalian organisms it seems to interact with the
transcription factor REST which binds to cytosine-guanine dinucleotide (CpG)-rich

sequences [63]. Once recruited, PRC2 trimethylates adjacent H3K27 residues.
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H3K27me3 then serves as a docking site for the polycomb repressive complex 1

(PRC1) which directly interferes with transcription [64].

H3K27me3 plays a crucial role in promoters of developmentally important genes of
embryonic stem cells (ESC), where it co-exists with the antagonistic H3K4me3 mark
in the same nucleosome [65]. These bivalent or “poised” promoters can either be
permanently silenced (H3K9me3, DNA methylation) or activated during cell
differentiation [66]. H3K27me1 and H3K27me2 are less studied than the trimethylated
state of the residue but show a similar distribution. Although both are controlled by the
PRC2 complex as well, H3K27me1 is associated with transcriptionally active

promoters [67], suggesting multiple counter-intuitive responsibilities of the complex.

H3K27me2 and me3 demethylation are mainly carried out by UTX (KDM6A), a member
of the JmjC family of HKDMs and a subunit of the MLL2/3 complex. UTX stimulates
the expression of HOX genes by removing the repressive H3K27 methylation mark

and simultaneously facilitates H3K4me3 by its association with MLL2/3 [68].

Besides its role in PcG-mediated repression, H3K27 can also participate in
transcriptional activation and therefore, serve as an antagonist of the repression
complex. If acetylated (e.g. by p300/CBP (KAT3B)), H3K27ac blocks methylation as
one lysine cannot be modified both ways simultaneously and additionally facilitates an

open chromatin structure by the addition of a negative charge [69].
H3K36

The function of H3K36 methylation is very diverse and differs depending on its location
in the gene and the degree of methylation, highlighting the extreme complexity and
importance of the mark. There is a gradual distribution of mono-, di- and trimethylated
H3K36 (H3K36me1/2/3) from the promoter region of active genes to the 3’-end [70].
The methylation typically serves a repressive purpose as it prevents an aberrant start

of transcription within the gene body.

H3K36me1 and me2 are typically introduced by nuclear receptor SET domain-
containing 1 (NSD1/KMT3B) and NSD2 (KMT3G) directly after start of the
transcription, quickly followed by trimethylation with enzymes like SETD2, NSD3
(KMT3F), ASH1L (KMT2H) or SMYD2 (KMT3C) [71]. H3K36me3 then recruits RpD3S
Histone deacetylase complex which leads to histone deacetylation and chromatin
condensation, consequently prohibiting transcription within the gene body [72,73].
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There are also reports that H3K36me3 is involved in epigenetically encoded, cell-type-
specific splicing of exons, although the exact mechanism is not yet completely
understood [74]. Furthermore, H3K36me3 is strongly associated with DNA methylation
[75].

Tri- and dimethylated H3K36 can be demethylated by KDM2B and KDM4A. As the
latter is known to associate with HP1, H3K36 demethylation is directly linked to
heterochromatin formation [76,77]. H3K36me1 can further be removed by FXBL11
(KDM2A), which cannot demethylate H3K36me3 [78].

Not many studies focused on H3K36 acetylation (H3K36ac) yet. However, the mark
shows a similar distribution as other H3 acetylations and is involved in transcriptional

activation [79].
H4K20

While most lysines on H4 are typically acetylated, H4K20 can be mono-, di- and
trimethylated (H4K20me1/2/3). Introduced by KMT5A (SET8/PR-SET7), H4K20me1 is
mostly associated with actively transcribed genes and plays an important role in cell
cycle control, where it is involved in chromatin modification [80]. The function of
H4K20me2 is more diverse, as it seems to be involved in DNA repair, as well as in
DNA replication, where it serves as a starting-marker [81,82]. H4K20me3, on the other
hand, participates in the silencing of repetitive DNA, such as transposons and can,
therefore, be directly associated with the repression of transcriptionally active genes
[80,83]. Both H4K20me2 and me3 are introduced by KMT5B and 5C (SUV420H1/H2)
[84].

H2A and H2B

While histones 3 and 4 are the subject of intensive studies, histones 2A and 2B have
been mostly overlooked in the past. Although several modifications, ranging from
methylation, acetylation, ubiquitination, and phosphorylation have been reported, little
is known about their function and distribution [85]. It has been shown, though, that
monoubiquitinated H2A plays a role in the repression of HOX genes, where it is
introduced by the PRC1 complex [86].
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Arginine methylation and deimination

Besides the modification of lysine, arginine is another common target for PTM in the
amino-terminal regions in histones. Methylation of arginine residues is mostly
associated with transcriptional activation and is typically catalyzed by proteins of the
protein-arginine methyltransferases (PRMTs). However, the methylation of arginine
can be antagonised by deimination. The protein family of peptidylarginine deiminases
(PADIs) can convert unmethylated arginine to citrulline. PADIs, hence, do not function
as active arginine demethylases, but rather prevent methylation. So far, no enzyme

has been reported that can reverse the deimination of arginine [87,88].
Histone acetylation and deacetylation

So far, | mostly discussed histone methylation and the critical enzymes for placing and
erasing these marks, although histone acetylation is a significant modification of the
histone proteins as well. It is a vital marker for the dynamic and precise control of
transcription and is positively associated with H3K4me3 [89]. By shrouding the positive
charge of the lysine residues, acetylation hinders the interaction between histones and
DNA, consequently opening up the chromatin structure, which allows BrD-containing
regulators and transcription factors to access the DNA and transcriptionally activate
the associated gene [90,91]. In contrast to most HKMTs and HKDMs, HATs and
HDACs are usually not specific for a single lysine modification but rather exhibit a

broader catalytic potential.

There are three prominent families of HATs relevant for this thesis, namely Gcn5-
related N-acetyltransferases (GNAT)/PCAF [92], the MOZ, Ybf2, Sas2, and Tip60
(MYST)-family [93], and the p300/CBP (CREB-binding protein) HATs [94]. They
interact with other proteins to form large acetylation complexes and hence contain
multiple reading domains like BrDs, PHD-fingers or tudor domains [95]. Although
following different catalytic strategies, all of them utilize Acetyl-CoA as a donor for

acetyl groups.

HDAC can be distinguished in four classes (I, II, lll and IV) [96]. Class | contains
HDAC1-3 and HDACS, which all associate in complexes. HDAC 1 and 2 have even
been reported to be part of several complexes, namely NuRD, CoResr and mSin3A,
which can lead to both stable and transient repression of transcription [97]. Class Il

(HDACA4-7, 9a-c and 11) share the same catalytic mechanisms with class | and directly
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hydrolyse acetyl-lysine [96]. HDACs of class lll, also known as sirtuins, utilize a
completely different catalytic mechanism which depends on nicotinamide adenine
dinucleotide (NAD™) as a co-factor [96]. The only known class IV member is HDAC11.
The protein shares a similar sequence with HDACs from class | and Il and is involved

in the regulation of protein stability [98].
DNA methylation and demethylation

Besides the modification of histone-tails and remodelling of the chromatin, methylation
of DNA represents a crucial element in epigenetic programming and cell development.
In mammals, the methylation of CpG dinucleotides is the most commonly found
modification of DNA [99]. The methyl group is hereby added to the 5™ carbon atom in
the pyrimidine ring forming 5-methylcytosine (5mC). The modified base can be the
target of spontaneous deamination, which turns it into thymine (T), creating a T:C
mismatch in the DNA sequence. This mismatch can then be detected and repaired by
the DNA repair machinery [100]. In somatic cells, about 70-80% of the CpG sites are
methylated, except for CpG-islands. These are CpG-rich regions that occur in about
70% of all human genes, and approximately 50% of all CpG sites are usually found in
the promoter regions [101,102]. CpG-methylation of the promoter region of a gene
results in transcriptional repression [103], while methylation in the gene body is mainly
found in actively transcribed genes, where it correlates with H3K36me3 to prevent

aberrant transcription [104].

In humans, three enzymes of the DNA methyltransferase (DNMT) family are
responsible for introducing DNA methylation and its maintenance: DNMT1, DNMT3A
and DNMT3B. While the former is responsible for detecting hemimethylated DNA (e.g.
after replication) and reintroduce the palindromic 5mC, DNMT3A and 3B interact with
the catalytically inactive DNMT3L to introduce methyl groups de novo in unmethylated
CpG sites [105]. Before the discovery of the Ten-eleven translocation methylcytosine
dioxygenases (TET), it was suggested that demethylation only occurs by dilution as a
consequence of DNA replication. It has since been shown that 5mC can be oxidized
in a step-wise manner to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and
eventually to 5-carboxylcytosine (5caC), which can then be exchanged to
unmethylated C by the base excision repair mechanism or thymine DNA glycosylases
[1086].
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VPR and KRAB: Transcriptional modulators

Although the primary purpose of the epigenetic machinery lies in the regulation of the
cell's genome, it also functions as a repressor for the spread of transposable elements
and repetitive sequences as well as viral infections. It comes to no surprise that most
viruses have developed counteracting elements themselves, that drive their
transcriptional activity. The mature virions of herpes simplex virus type 1 e.g. contain
a factor termed VP16 that exhibits cis- and trans-activating functionality [107]. Multiple
copies of this element can be synthetically combined (VP64) to achieve even stronger
effects. VP64 has since been a major effector for transcriptional synthetic activation
experiments [108,109]. In another example, the Epstein-Barr virus encodes for two
immediate-early proteins: Rta and ZEBRA. In the initiation of the lytic cycle, these two
proteins enhance their own expression in a positive feedback loop, but also stimulate
each other's expression as well as the expression of other viral components
downstream [110]. Together with the NF-kB subunit p65 [111], VP64 and Rta have
been combined to the tripartite VP64-p65-Rta (VPR), one of the strongest known

synthetic transactivators [109].

The Kruppel-associated box (KRAB) can be found in about 30% of the all known zinc
finger proteins in humans and has long been identified as a robust transcriptional
repression domain [108,112,113]. Located at the N-terminus of Cys2-His2 (C2H2) zinc
finger proteins, KRAB interacts with chromatin remodelling factors (e.g. NuRD
complex), eventually recruiting HKMTs such as SETDB1 and effectively shuts down
gene transcription via H3K9me3 introduction and deacetylation [114]. Therefore,
KRAB has been a primary choice for synthetic transcriptional repression in multiple
studies [108,115,116].

1.2 Synthetic epigenetics

So far, studies of the epigenetic network have mostly provided associative and
descriptive data, which has been compiled in massive libraries. This assembled
knowledge was vital for identifying alterations in the epigenome during the
development of diseases and for discovering epigenetic drugs to treat them [117-123].
Although these approaches have proven their worth, they are unable to unravel major
questions about the epigenetic system: What is the exact functionality of an epigenetic

mark? Is it the cause for a change in the transcription status, or is it introduced as a
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consequence? How do epigenetic marks interact with the epigenetic protein
machinery? Synthetic epigenetics provides multiple tools that could help to answer
these questions. The term synthetic epigenetics was defined by Jurkowski et al. as
“the design and construction of novel specific artificial epigenetic pathways or the
redesign of existing natural biological systems, to intentionally change epigenetic
information of the cell at desired loci” [124]. Following this definition, there are two
primary strategies for applying synthetic epigenetics: indirect top-down and direct
bottom-up. Indirect top-down approaches include somatic cell nuclear transfer
experiments, transdifferentiation and induced pluripotency in ESC [125-128]. In these
experiments, the differentiation is initiated by oocyte-specific factors or expression of
transcription factors, meaning the occurring epigenetic changes are a byproduct of the
conversion rather than the actual cause. The bottom-up approach, on the other hand,
utilizes targeting domains that specifically bind an arbitrary DNA sequence and recruit
an epigenetic effector domain (ED) that introduces a specific epigenetic mark at the
desired target and hence perturbs the epigenetic code at this location. This set-up,
which usually creates a single, defined change in the epigenetic network, is called

epigenetic editing [129] and it is the main focus of this thesis.

1.2.1 Genome targeting

The idea of epigenetic editing requires the possibility to recruit an ED to an arbitrary
but distinct genetic locus. Although there are hundreds of proteins known that contain
DNA interacting domains, most of them relate to a specific sequence, and there is no
simple way of changing their target. The first candidates that allow the modulation of
their binding specificity were C2H2 zinc fingers, 30 amino acid long units which
specifically bind three bp of DNA [130]. This specificity can be altered by changing the
amino acids that interact with the nucleobases, which consequently results in new zinc
finger unit variants with distinct specificities. Multiple of these units (typically 3 to 6,
Figure 1-4A) can be arranged in arrays of tandem repeats to cover a specific sequence
long enough to be unique in the genome [131,132]. However, neighbouring zinc
fingers, as well as base modifications, influence the binding specificity, creating the
necessity of validating each array separately, which is a rather time-consuming

process [133].
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Figure 1-4: Schematic representation of genome targeting with A) zinc finger- and B) TALE-arrays.

While zinc finger units detect three consecutive bp, TALE units are specific for a single nucleotide.

The first alternatives to zinc fingers are the transcription activating-like effectors (TALE)
[134]. TALE occur in tandem repeats of 34 amino acids, with each repeat recognizing
a single, distinct bp utilizing the amino acids in position 12 and 13 of each repeat [135].
This single readout allows an elegant design of custom TALE arrays that can be easily
assembled in a modular fashion (Figure 1-4B) [136,137]. However, TALE suffer from
the same time-consuming engineering process as zinc fingers, and each array has to

be assembled separately.

Although zinc finger and TALE arrays have contributed to many important discoveries,
they were outmatched by the versatility, flexibility and modularity of the CRISPR/Cas9
system. The clustered regularly interspaced short palindromic repeats (CRISPR) have
been known for many years before their role as an adaptive prokaryotic immune
system was revealed [138]. In this context, exogenous DNA elements (e.g. from
phages or plasmids) are processed into short fragments (spacers) and inserted into
the bacterial genome between the repetitive CRISPR sequences. The CRISPR array
is then transcribed into a precursor RNA which is further processed into the CRISPR
RNAs (crRNA) which each contains an individual spacer sequence. The crRNA guides
CRISPR-associated (Cas) proteins to complementary invading genetic elements,
which it recognizes by Watson-Crick base pairing. After the target sequence is
identified, the Cas protein exhibits an endonucleolytic activity, effectively cleaving the
intruder sequence. To be recognized by the complex though, the target sequence
requires a so-called protospacer adjacent motif (PAM) at its 3’-end. This PAM is usually
three nucleotides long and specific for each Cas protein [139]. Three distinct types of
CRISPR systems have been described so far, from which type Il is the most utilized in
genome engineering and synthetic epigenetics, as it only requires one protein, Cas9.

The type Il CRISPR/Cas system also entails a trans-activating CRISPR RNA
(tracrRNA) for the maturing of the crRNA from the precursor. The tracrRNA binds to
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the crRNA precursor, and both molecules are co-processed by a double-strand specific
RNA endoribonuclease RNase 11l [140,141]. The mature crRNA:tracrRNA duplex then
associates with Cas9 and guides the endoribonuclease to a complementary double-
stranded DNA where it introduces a site-specific double-strand break, using its
catalytic domains (HNH and RuvC) [142]. The crRNA:tracrRNA duplex can also be
fused with a small stem-loop into a single guide RNA (gRNA) which reduces the
CRISPR/Cas9 system to only two components, making it even more powerful and easy
to apply [139,142,143]. A schematic representation of CRISPR/Cas9 is shown in
Figure 1-5.

Figure 1-5: Schematic representation of the Cas9:gRNA targeting complex. The recognition of the
target, as well as the insertion of a double-strand break (HNH, RuvC), requires complementarity of

and and an appropriate PAM site. In the case of Cas9, the PAM sequence is NGG,
with N being any base.

The distinct advantage of the CRISPR/Cas system over zinc fingers and TALE is the
way of how it recognizes its target sequence. Watson-Crick base pairing allows the
simple exchange of the crRNA or gRNA with the desired complementary spacer
sequence to change the target. Additionally, orthologous Cas9 species utilize different
PAMs which enable the recognition of multiple targets simultaneously [144]. Zinc
fingers and TALE arrays, on the other hand, recognize their binding sequence in the
DNA by interacting with the major groove [145,146]. As described in chapter 1.1.3,
DNA is methylated in the majority of the cases at CpG and 5mC, 5fC and 5caC are
located in the major groove [147]. Hence, they may interfere with the target recognition
of zinc fingers and TALE [148,149].

CRISPR/Cas9 became especially interesting for synthetic epigenetics in 2013 when a

catalytically dead Cas9 (dCas9) was developed [150]. A single point mutation in each
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of the catalytic centres (HNH_H840A, RuvC_D10A) is sufficient to remove all catalytic
activity while maintaining the ability to recognize and bind a specific sequence. This
allows the recruitment of any protein to any target locus in the genome, simply by fusing

it to dCas9. This discovery cleared the way for epigenetic editing as we know it today.

1.2.2 Epigenetic editing

Epigenetic editing represents one of the most powerful tools to study the epigenetic
network. By combining an ED with a sequence-specific targeting domain, an epigenetic
alteration can be introduced at almost any location in the genome (Figure 1-6)
[129,151]. The consequences of this alteration can be analysed by quantifying the
expression level of the target gene [152], measuring its methylation status [153,154]

and determining the presence of chromatin marks [155].
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Figure 1-6: Concept of epigenetic editing. Figure inspired by Jurkowski et al. [124]. The fusion
construct of DNA binding domain and epigenetic modifier is recruited to the desired, reprogrammable
DNA sequence, where the modifier can alter the epigenetic state and consequently introduce a change
in expression level (activation or repression). Green dots represent epigenetic modifications on the DNA

or histone tails.

As the choice for practical targeting domains was very limited in the past, the
development of new epigenetic editing tools initially progressed very slowly. Despite
their limitations, however, zinc fingers and TALE arrays participated in pioneering
research. During this time, the scientific community put a strong focus on DNA
methylation and consequently, the primary candidates for epigenetic editing were
DNMTs [156-159] and TET enzymes [160,161]. With the discovery of the dCas9
mutant [150], it became very soon apparent that the CRISPR/Cas system would be

the new major player in epigenetic editing [162]. Shortly after, the first study utilizing
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CRISPR/Cas for direct epigenetic editing with a dCas9-p300 (KAT3B) fusion construct
was published [163], soon followed by a great variety of research papers
demonstrating epigenetic editing by recruiting DNMTs [103,164]) and TET enzymes
[165], HKMTs [166] and HKDMs [167], fusion constructs of multiple effectors
[103,168,169], synthetic transcriptional modulators [109] and even multiple copies of
one effector [170]. However, there are contradictory results about the stability of the
introduced marks. While the group around Kungulovski et al. demonstrated that
synthetically introduced methylation of DNA and H3K9 deteriorates within a few days
after transfection [171], two other groups show stable propagation of methylation over

a period of several weeks [168,172].

The real strength of CRISPR/Cas as an epigenetic editing tool lies in its modularity,
especially when it is combined with aptamers. An aptamer is a small RNA molecule
that forms a secondary structure and can be specifically bound by a ligand [173]. The
most notable example for such a ligand or aptamer binder (AB) is the bacteriophage
MS2 coat protein (MCP) which binds to a small stem-loop structure, referred to as MS2
[174]. MS2 can either be used to replace the loop-structures in a gRNA [175], or it can
be added at its 3’ end [176]. Both constructs allow the system to recruit MCP-tagged
EDs to a gene of interest (Figure 1-7). Besides MS2, there are several other
aptamer/AB combinations from which PP7/PCP (RNA stem-loop structure of
Pseudomonas aeruginosa PP7 /| PP7 coat protein) [177] and boxB/N22p (stem-loop
structure of prophage HK022 / Nun protein of prophage HK022) [178] are the most
important representatives for this thesis. Alternatively, conserved Pumilio/FBF (PUF)
RNA-binding domains can specifically interact with certain 8-mer RNA sequences
(PUF-binding site, PBS), which allows ED-recruitment in the same manner as
described for MS2/MCP [179]. As the use of RNA structures for recruitment combines
this functionality with the targeting specificity on one molecule, the system gains a vast
boost in modularity. Different EDs can potentially be recruited to various but distinct
targets, simply by exchanging the used gRNAs. It has even been shown for
fluorophores that different RNA stem-loops in one gRNA allow the co-recruitment of
different molecules to one target locus [180]. This functionality has a strong potential
for studies focussing on the interaction of different epigenetic marks and/or effector
molecules. It will provide knowledge about their interaction and eventually allow

controlling the epigenetic program to an unprecedented extent.
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Figure 1-7: Epigenetic editing strategies with dCas. The classical system uses a dCas9-ED fusion
construct. The exhibited function can be recruited to one or many target (T) sites. The EPIC’'RISPR
system utilized aptamer (A) RNA scaffolds in the gRNA to link targeting and recruitment specificity. The

system, therefore, can modify individual targets with different regulatory effects simultaneously.

1.2.3 Inducible epigenetic editing

Maintaining homeostasis but simultaneously adapting to changes in the environment
requires cellular programming to be flexible and dynamic. Studying the causality of
gene functions in biochemical processes hence requires the spatio-temporal
modulation of gene expression, a functionality which the classical tools do not contain.
A variety of elegant solutions for adding this functionality can be provided by the light-
sensitive proteins found in many plants and microbes [181-188]. It did not take long
before these optogenetic modules were integrated into the existing binding domain-
[189-191], zinc finger- [192], TALE- [193,194] and CRISPR/Cas-based [195] editing
systems to create two-hybrid systems that assemble when exposed to a specific
wavelength. In these set-ups, one of the binding partners is commonly fused to the
recruiting module, while the other is linked to the desired ED. Upon induction, the ED
is recruited to the location of interest. Alternatively, systems in which two modules
hybridize in the presence of specific, non-toxic chemicals can be used. The respective
set-ups allow the initiation of epigenetic modulation by merely adding the individual
compound to the cell culture media [196-200].
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FKBP and FRB

One of the most thoroughly characterized systems for drug-induced dimerization
employs the dimerization domains of the FK506-binding protein (FKBP) and the FKBP-
rapamycin-binding protein (FRB), termed DmrA and DmrC. The two domains form

heterodimers by interacting with the chemical rapamycin, or one of its analogues

(Figure 1-8A) [201].
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Figure 1-8: FRB and FKBP dimerize in the presence of rapamycin. These figures were taken and
slightly modified from Banaszynski et al. [201] A) Chemical structure of rapamycin and the interaction
areas with the two binding domains. B) Schematic of the possible binding statuses of FRB, FKBP and

rapamycin.

The binding strength of FRB and FKBP to rapamycin varies depending on the
respective binding state (Figure 1-8B). FKBP shows a strong individual binding affinity
towards rapamycin (Kq = 0.2 nM), while the interaction between the chemical and FRB
is only modest in the absence of FKBP (Kaq = 26+0.8 uM). However, this interaction is
about 2000-fold stronger when FKBP is already bound to rapamycin (K¢ = 12+0.8 nM)
[201]. The reason for this is a conformational change in FKBP when binding to
rapamycin. This change creates a binding site for FRB and allows direct interaction
between the two proteins, significantly increasing the binding probability of FRB to the
complex [202,203]. Due to the great detail we know about FRB and FKBP, these
heterodimers have been prime candidates for adding the functionality of inducibility to

epigenetic editing systems [197-200].
Csy4 as a potential OFF-switch

All of the described dimerization complexes assemble within seconds when triggered
but typically need hours to reverse the binding [181,183,188,200]. Light-inducible
systems are quicker and usually separate within 6 to 10 minutes [184,188]. Some of
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them are even faster and disassemble in a few seconds, but require the exposure to a
particular wavelength to do so [188,190,191]. However, certain experiments (e.g.
investigating repair mechanisms) require a system with ON as the status quo, which
can be turned off within minutes without the need for elaborate set-ups. A potential
candidate for filling this role as an OFF-switch for epigenetic editing is another member
of the CRISPR/Cas family, the CRISPR-associated endonuclease Cas6f (Csy4) [204].
Its native function is the processing of the initial crRNA transcript into mature crRNA
molecules. For this, it binds and digests a small stem-loop in the CRISPR repeats, the
Csy4 recognition site. This tag has recently been implemented as an RNA degradation
tag for the control of transgenes where it is implemented in the untranslated regions
(UTR) of the reporter gene and allows the Csy4-induced cleavage of the respective
UTR [205,206]. This not only prohibits the recruitment of the translation machinery
[207] but also enables the digest of the messenger RNA (mMRNA) by exonucleases
[208]. The catalytic activity of Csy4 depends strongly on the histidine (H) in its active
centre (Figure 1-9A). Similar as described for Cas9 above, a mutant in which the H is
exchanged for alanine (A) or glycine (G), loses all catalytic activity while maintaining
the specific binding to its target sequence [209]. It has been shown in vitro, however,
that imidazole can rescue this activity by assuming the role of the imidazole ring of the
lost H (Figure 1-9B) and quickly degrade the respective RNA [210]. If this rescue effect
can be achieved in vivo, Csy4 and its binding site would be a valuable tool for induced
degradation of gRNAs and therefore a potential fast OFF-switch for CRISPR/Cas-

based epigenetic editing.

imidazole alanine
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imidazole glycine

Figure 1-9: Csy4 and imidazole. The figure was taken from Oberacker et al. ([211] submitted) A)
Crystal structure of the active centre of Csy4 binding to CsyTag RNA stem-loop ( ) with the essential
amino acids highlighted in yellow. The figure is based on RCSB PDB 4AL5 [212]. B) Schematic

representation of the substitution of H by A or G in combination with imidazole.
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1.2.4 Target genes

There is a great variety of possible target genes for developing epigenetic editing tools.
For the editing experiments in this thesis, | chose a selection of five genes with different
expression levels and different epigenetic environments. All genes have been shown
to be valid targets for synthetic activation and repression by recruiting epigenetic
effectors to their promoters. The spacer sequences for all genes are listed in Table 0-1
of the Supplementary Data section and have been designed, verified and kindly

provided by my colleague Peter Stepper.
CXCR4 (Figure 1-10A, annotated in )

C-X-C motif chemokine receptor 4 (CXCR4) is a gene coding for a transmembrane
receptor, and its overexpression is associated with several cancer types [213-215].
Furthermore, it is one of the prime requirements for HIV entry into the cell [216]. The
gene has been successfully activated [176] and repressed [116] using CRISPR-based
editing tools. However, sample preparation must be executed quite carefully, as
CXCR4 is a monoexonic gene and remaining genomic DNA (gDNA) cannot be

distinguished from complementary DNA (cDNA).
EPCAM (Figure 1-10B, annotated in )

The gene for the oncogene epithelial cell adhesion molecule (EPCAM) encodes a
transmembrane protein that plays a role in several biochemical pathways, such as cell
cycle control, several signalling processes as well as in proliferation [217,218]. EPCAM
is upregulated in multiple cancers, and it has been the target of epigenetic editing
studies [219,220].

TFRC (Figure 1-10C, annotated in red)

TFRC or CD71 is the gene that encodes for the transferrin receptor 1 (TFR1) protein.
TFR1 is typically located in the cell membrane where it is required for the uptake of
iron from transferrin and its delivery into the cell [221]. As CXCR4 and EPCAM, TFRC
is frequently upregulated in cancer [222,223], including acute leukaemia [224], and it
was one of the first targets for CRISPR-based repression with dCas9-KRAB fusion
proteins [116].
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ASCL1 (Figure 1-11A, annotated in green)

Achaete-scute family bHLH transcription factor 1 (ASCL1) is the gene of a helix-loop-
helix transcription factor and regulates cell differentiation in neurons [225]. It is almost
completely repressed in Human embryonic kidney 293 (HEK293) cells, making it a
target perfectly suited for transcriptional activation [175,226]. However, this also means
that repression experiments on ASCL17 need to be evaluated very carefully, as even

small mistakes in handling or concentration calculation might lead to huge errors.
LIN28A (Figure 1-11B, annotated in purple)

Lin-28 homolog A (LIN28A) encodes a miRNA- and mRNA-binding protein and is
mostly expressed stem cells [227]. Like its homolog LIN28B, it is overexpressed in a

variety of severe cancer types [228] and has been a target for synthetic gene activation
[175].
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Figure 1-10: Target gene promoter regions 1. These figures were made and kindly provided by Peter
Stepper. The genes are indicated as white boxes, with exons depicted in grey and introns as dashed
lines. Purple bars represent protein-coding regions, and green bars indicate CpG islands. The gRNA
target sequences are shown as red arrows that indicate the orientation of the PAM. A) EPCAM on

chromosome 2. B) CXCR4 on chromosome 2. C) TFRC on chromosome 3.
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lines. Purple bars represent protein-coding regions, and green bars indicate CpG islands. The gRNA
target sequences are shown as red arrows that indicate the orientation of the PAM. A) ASCL1 on

chromosome 12. B) LIN28A on chromosome 1.

1.3 Nucleic acid manipulation in a high-throughput format

The vast majority of medical or research institutions that focus on molecular biology,
genetics or epigenetics rely on the purification or manipulation of nucleic acids. DNA
and RNA can be isolated from cultured bacterial, plant or animal cells, but also from
tissue samples, clinical swaps, plasma, enzymatic reactions or even environmental
sources. Most commercial purification or extraction kits utilize silica-based column
systems. However, column-based protocols usually require a centrifuge, limiting their
applications in high-throughput set-ups. Single-tube systems can be scaled according
to the used table-top centrifuge, which typically only holds between 24 and 32 tubes.
As the system further prohibits the use of multichannel pipettes as well as most liquid
handling systems, there are limited ways to reduce the required time per sample.
Although solutions for 96-well formats are available, the system still needs a centrifuge

and therefore specialised robot systems for automated high-throughput workflows.
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These are usually very expensive and somewhat limited in their applications, making

them not financially feasible for most laboratories.

An elegant alternative solution for effective and scalable high-throughput nucleic acid
extraction can be provided by magnetic nanoparticles (MNPs), commonly known as
magnetic beads [229,230]. These particles utilize solid-phase reversible immobilisation
(SPRI) [230]. Under dehydrating conditions, MNPs can reversibly bind DNA or RNA,
while being immobilized by a magnet during several wash- or manipulation-steps to
either remove contaminants or perform on-bead enzymatic reactions like digests. As
such bead-based protocols neither require a centrifuge nor expensive materials, they
are easily and arbitrarily scalable, making them perfectly suited for most common liquid

handling machines.

MNPs are usually composed of a magnetic core functionalised with a chemical coat.
There are several possible methods for MNP synthesis [231-234]. The core typically
consists of either polystyrene (PS) coated ferrites [231] or co-precipitated highly
magnetic iron(ll,Ill) oxide particles (Fe3Oas) [232]. These core-particles are then
functionalised with a chemical surface containing e.qg. silica- or carboxyl-groups. Silica-
layers are usually synthesised by hydrolyzing tetraethyl orthosilicate (TEOS) [232,235],

while carboxyl-surfaces are produced by polymerizing methacrylic acid (MAA) [236].

Despite the striking advantages over column-based systems, very little community

effort has been conducted to develop and promote MNP-based extraction protocols.

1.4 Aims of the thesis

Designing a toolbox for modular, parallel and inducible epigenetic editing
(Figure 1-12A)

The epigenetic network regulates the expression of genes and is therefore essential
for cell differentiation, the crosstalk between cells, and consequently for the
development of any multicellular organism. Dysregulation of the epigenetic program
can have severe consequences for the affected cell and even for the whole organism.
Several diseases, including cancer, have been associated with malfunctions in the
epigenome. To decipher the underlying epigenetic code, researchers initially focused
on descriptive approaches. However, these approaches seemed unable to answer

pressing questions about the functionality and causality of epigenetic modifications.

30



The CRISPR/Cas system offers a flexible and easy way of distinctly perturbating the
epigenetic code; a functionality which is exceptionally well suited to answer these
questions. Although this system has already proved to be an invaluable tool, it is

relatively inflexible when it comes to multiplexing approaches and modularity.

Hence, the first aim of my thesis was the development and validation of a method that
does not use dCas9-fusion constructs, but instead utilizes aptamer structures and the
respective binding proteins to unite the targeting- and recruiting-function in one
molecule, the gRNA. | designed these gRNAs in a way that the incorporated aptamer
sequences can be arbitrarily exchanged in a simple 4-step procedure. Additionally, |
wanted to create a system that allows the easy combination of an aptamer binder (AB)
with the desired ED. | then validated this system by recruiting the transcriptional
modulators VPR and KRAB to five differently expressed target genes and monitoring
the induced changes in transcription. | further planned to design ligand-dependent
mechanisms to turn this system ON or OFF. These switches are based on the
FKBP/FRB dimerizers and the Csy4 protein. Both methods work independently from
each other and can be finetuned by altering the ligand concentration. This toolbox was
later named EPIC'RISPR.

Highly parallel large-scale application of EPIC’RISPR (Figure 1-12B)

| planned to apply the EPIC’'RISPR system for large-scale experiments to investigate
the effects of several dozens EDs on five differently expressed target genes
simultaneously. | aimed to identify the most efficient epigenetic modulators by
observing the changes in the transcriptional states of the targets and possibly
determine general principles of epigenetic regulation. For this, | focused on histone

lysine methylation and demethylation as well as histone acetylation and deacetylation.

Development of imidazole-induced enzymes and induced gene control (Figure
1-12C and Figure 1-12D)

In many enzymes which utilize H in their catalytic centre, the enzymatic activity can be
disturbed by exchanging the H for an A residue. It has been shown for several enzyme
classes, that the respective activity can be rescued by imidazole, which might assume
the role of the imidazole ring of H. In this thesis, | aimed to design and validate this
technique for Csy4, and eventually apply it for controlling the expression of

endogenous and transgenic genes.
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Figure 1-12: Roadmap of the thesis. A) To design the EPIC’RISPR platform, several cloning strategies

needed to be developed and the proof of concept had to be established. B) A first application of the

EPIC’RISPR system was the parallel modification of one or multiple genes with one or several EDs.

This system was further used for multiplexed chromatin labelling. C) To titre the transcriptional

modulation effect, | wanted to develop an ON- as well as an OFF-switch. For this, | wanted to utilize the

FKBP/FRB system as well as a mutant of Csy4, and it's recognition site as a degradation tag. D) Using

the extreme versatility of the CsyTag system, | wanted to apply it for transgene expression control as

well. E) To process the samples necessary for these projects, we created the BOMB platform for high-

throughput extraction and purification of nucleic acids.
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Developing high-throughput protocols for the cost-effective handling of nucleic
acids (Figure 1-12E)

Confronted with the enormous amount of samples required for the experiments in this
thesis, we aimed to develop high-throughput procedures for cost-effective extraction
of nucleic acids. In this project, | focused on protocols for the isolation of DNA from
bacterial cultures and various solutions, such as PCR reactions, as well as on the
isolation of RNA from mammalian cells. Furthermore, | participated in the optimisation

of protocols for the synthesis and functionalisation of magnetic beads.
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2 Results

21 Bio-On-Magnetic-Beads (BOMB)

In epigenetics we not only investigate the factors that potentially read, introduce or
erase a specific mark, but also the meaning and stability of said marks at various
positions in the genome and at different time points. This leads to experiments with a
notoriously high sample count and therefore extremely high costs, both regarding
money and time. To achieve the goals of this thesis and perform the planned
experiments, we first needed to employ techniques that would allow us to process large
quantities of samples quickly, efficiently, reliably and financially feasible. Although the
development of such techniques was not the main focus of my PhD studies, it still was

a crucial factor for the success of all the results in this thesis.

As most of the experiments in our research revolve around the handling of nucleic
acids, we decided to focus on the improvement of methods for the isolation and
manipulation of DNA and RNA. The established commercial solutions use either
column-based systems or employ MNPs with a modified surface to capture nucleic
acids. As MNP-based protocols are easily scalable, both in the number of samples and
used volumes, we decided to develop open-source protocols for their synthesis,
functionalisation and application in nucleic acid extraction. We first started synthesizing
and functionalising MNPs ourselves (Figure 2-1 (1)-(3)) by reverse- and forward-
engineering existing methods. Together with Dr Timothy Hore and his group in New
Zealand we established a broad range of protocols for their use in extracting RNA,
DNA, and total nucleic acid (TNA) from a variety of sources (Figure 2-1 (4)-(9)). These
include but are not limited to cultured mammalian cells, Escherichia coli (E. coli),
Saccharomyces cerevisiae, plant and mammalian tissues. Considering the costs of

commercial kits and MNPs, this represented a real game-changer for our research.
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Figure 2-1: The BOMB platform. Figures and figure text were taken from Oberacker et al. [237]. The
BOMB platform is composed of (1) ferrite MNPs that can be coated with either a (2) silica or (3) carboxyl
surface, BOMB magnetic racks produced by laser cutting or 3D printing, and (4-9) the basic BOMB
protocols for purification of nucleic acids from various sample origins. The circled numbers indicate the

protocols for the respective procedure.

When designing these protocols, we focused on reliability and robustness as well as

on modularity and automation friendliness. Almost all protocols follow a pattern of:
lyse = bind 2 wash - (manipulate - wash =) elute

Most of these protocols share similar or identical buffer systems, which further enables
us to combine various protocols in a modular fashion for specialised applications. We
further designed and published various magnetic rack systems that can easily be
crafted with a 3D printer or a laser cutting device (Figure 2-1). These can be used for
common microcentrifuge tubes, 96-well microtiter- or deep-well plates. The racks
utilize small neodymium magnets that are obtainable online for a small price. Together
with the synthesised beads and the developed protocols, these racks form the open-
source platform Bio-On-Magnetic-Beads (BOMB), which we made publicly available
for the broader research community [237]. A more detailed protocol for the synthesis
of MNPs and their functionalization was later published with bio-protocol [238]. To
promote community engagement in developing new and modifying existing BOMB
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protocols, we installed a web-forum for open communication and exchange of
knowledge'. Considering the major financial and technical advantages of MNP-based
protocols for nucleic acid extraction, we hope the BOMB platform to become a pioneer

in open-source science.

My focus in this project was on the following four parts: Firstly, synthesis and
functionalization of MNPs, secondly, designing clean-up and size-exclusion protocols
for in vitro reactions like PCRs or enzyme digests, thirdly, establishing procedures for
the isolation of plasmid DNA from E. coli and fourthly, developing and optimising RNA

extraction protocols from mammalian HEK293 cells.

2.1.1 MNP synthesis and coating

The initial protocol for the synthesis and functionalization of the BOMB MNPs was
designed by Dr Tomasz Jurkowski. | was involved in the later optimisation process of

both the core particle synthesis as well as the coating protocols.

We based our synthesis on the co-precipitation method published by Choi et al. [232].
The reaction is very robust and uses a set-up of common laboratory equipment (Figure
2-2A), an optimal feature for a broader community. In short, a solution containing
iron(Il) chloride (FeClz2) and iron(lIl) chloride (FeCls) in 1:2 molar ratio is slowly dripped
into preheated and/or degassed sodium hydroxide (NaOH). The forming black
precipitate consists of highly magnetic Fe3O4 (Figure 2-2B) of about 5 to 20 nm in size
(Figure 2-2C). We then successfully encased these particles in a layer of silica-groups
using the Stober method [235]. In this reaction, TEOS hydrolyzes under basic
conditions, depositing a silicon dioxide (SiO2) layer around the ferrite core.
Conveniently, the radius of this layer depends on the ratio of core particles to TEOS
[239] and can hence be altered arbitrarily. Our standard ratio yielded silica-MNPs with
an approximate diameter of 400 nm (Figure 2-2D). The silica-coat not only prevents
oxidation of the core MNPs but also provides an inert surface for the precipitation of
nucleic acids. Alternatively, the core can be coated with a layer of carboxyl-groups
(Figure 2-2E). For this, we used MAA monomers, which can enter a free-radical

retrograde precipitation polymerization reaction to form polymethacrylic acid (PMAA)

1 https://bomb.bio
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as a coating around the ferrite MNP core [236]. Although it does not necessarily provide
the same stability as a layer of silica, the carboxyl-layer grants the MNPs a weak

negative charge, thereby altering the bead functionality.

These protocols describe a fast, easy and inexpensive procedure for the synthesis and
functionalization of MNPs that are well suited for the isolation of nucleic acids from a

variety of sources.
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Figure 2-2: Synthesis and functionalization of MNPs. Figures and figure text were taken from
Oberacker et al. [238] and have been slightly modified. A) The basic set-up of equipment for core particle
synthesis. B) Time-lapse of the behaviour of synthesized and washed core particles on a strong magnet.
C) Core particles in transmission electron microscopy (TEM). D) Silica-coated MNPs in scanning
electron microscopy (SEM) and TEM. E) Carboxyl-coated MNPs in light microscopy (LM), with and

without an applied magnet.

2.1.2 Clean-up and size exclusion

To purify nucleic acids from enzymatic reactions, we exploited the fact that their affinity
towards siloxane- and/or silanol-groups alter in the presence of chaotropic salts
[240,241]. | composed a guanidine hydrochloride (Gu-HCI)-based binding buffer that
allows the capture of DNA using the above-described silica-MNPs (see chapter 2.1.1).
After several wash steps with 80% ethanol (EtOH), the purified nucleic acid can be
eluted from the beads by the addition of double-distilled water (¢aH20) or Tris-EDTA

(TE) buffer. Using this method, | was able to successfully extract plasmid DNA from a
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solution with known concentration with a yield of 95+1.6% (Figure 2-3A). | further
compared and combined the binding media (silica-MNPs) and the binding buffer with
a commercial, column-based solution. A clean-up of the same sample with the
commercial kit resulted in a recovery of 80+3.3%, demonstrating the high quality of the
BOMB protocols compared to commercial solutions. The combination of a commercial
column and house-made binding buffer yielded 99+7.5% of the input, and the

commercial binding buffer together with our silica-beads 3310.7%.

| then tested the capacity of the beads by purifying different amounts [ug] of plasmid
DNA and analysed the recovered yields (Figure 2-3B). The protocol achieved an
excellent linear correlation (R?=0.99) between input and output up to 95 ug with an
average yield of 78+1.2% for a one-year-old bead solution. At higher amounts of input,
the beads reached their capacity limit and started to form flakes during the washing
steps (Figure 2-3C). This is also reflected in a sudden drop in recovery between 100
and 250 pg (42+3.0%).

To further investigate the binding capabilities of the silica-MNPs, | tested the effect of
different salt concentrations during the binding step as well as the influence of DNA
length. For this, | purified a molecular weight marker with various amounts of binding
buffer (Figure 2-3D). This enabled me to isolate single-stranded DNA fragments from
100 to 3000 bp selectively. Inspired by these results, | probed the behaviour of even
smaller fragments in high salt concentrations (~2.7 M, Figure 2-3E). | wanted to see
whether a high enough salt concentration would allow the removal of single nucleotides
while small DNA fragments such as primers could still be attached to the beads. | was
able to successfully purify single-stranded oligonucleotides as small as 25 nucleotides
(nt) with a yield of approximately 30%, while larger oligos (71 nt) yielded about 80% of
the input. As the lengths of these oligonucleotides are comparable to the sizes of small
ncRNA, | performed the high-salt protocol on samples of in vitro transcribed transfer-
RNA (tRNA, 75 nt) and gRNA (130 nt). While the efficiencies of recovery are lower
compared to DNA molecules of the same length, tRNA still yielded 22+1.4% of the
input and gRNA even 36+3.1%.

In conclusion, this protocol states an effective solution for the clean-up and selective
size exclusion of nucleic acids (plasmid DNA, single-stranded DNA, small ncRNA) from
a range of 25 to several thousand nts. The procedure is not only comparable to

commercial solutions but even outperforms them in certain applications.
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Figure 2-3: BOMB clean-up and size-exclusion with B silica-coated MNPs. Figures A and D were
taken from Oberacker et al. [237] and have been slightly modified. A) Total recovery of~6 pug plasmid
DNA (input) using either a commercial kit that includes silica-packed columns or the here developed
clean-up protocol with silica-coated beads (BOMB). For the binding, 2 volumes (V) of either commercial
binding buffer (cBB) or the binding buffer (BB) described in the BOMB protocol above was used. Error
bars represent the standard error of the mean (SEM), n=3. B) Recovered plasmid DNA [ug] over the
respective input [ug]. The graph shows a good linear correlation (R?=0.99) between input and output up
to 100 pg (black) with a yield of about 71% using 5 pl of a 12-month-old bead stock solution (1:1 of wet
mass to 4aH20). Higher amounts of input do not yield more DNA due to bead capacity (red). C) Clumping
behaviour of BOMB silica-beads loaded with different amounts of plasmid DNA during washing with
EtOH. D) Size exclusion of GeneRuler DNA Ladder Mix (Thermo) using BOMB silica-coated magnetic
beads. Different V of binding buffer compared to sample V were used to achieve size exclusion. 2 V of
cBB was used as a control relative to the input. E) Total recovery of single-stranded oligonucleotides of
different lengths using 10 V BB. F) Total recovery of two types of in vitro transcribed small ncRNAs using
10 V BB. Error bars represent SEM, n = 3.
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2.1.3 Plasmid isolation

To perform the screening experiments that will be described in chapter 2.5, it was
necessary to develop strategies that allow the cloning of hundreds of constructs in a
reasonable amount of time. A crucial time-limiting step is hereby the extraction of
plasmid DNA from bacterial cells. Most commercial or home-made solutions apply
alkaline lysis protocols [242—-244]. With the help of Sven H6hn and Luca Schelle, two
students | mentored during their respective MSc and BSc theses, | was able to reverse-
engineer the published protocols utilizing our BOMB silica-MNPs for the isolation of
plasmid DNA in a 96-well format. In short, cells are lysed using NaOH. After lysis, the
solution is neutralized using a potassium acetate buffer with a high concentration of
Gu-HCI. Under these conditions, the gDNA will precipitate and can be separated from
the plasmid DNA by centrifugation. Furthermore, the high salt concentration allows the
plasmid DNA to bind to the silica-MNP, which are added subsequently. After a few
washes with EtOH, the DNA can be eluted. Using this protocol, we were able to obtain
an average yield of 6.2+0.2 ug per 2 ml of bacterial culture with an average
A260 nm/A280 nm ratio of 1.81+0.003 (n = 96). The total distribution is plotted in Figure
2-4A, together with exemplary samples that were purified using commercial kits (red).
We further tested the performance of the purified plasmid DNA in restriction digests
(Figure 2-4B) as well as in Sanger sequencing (Figure 2-4C), with comparable results

to commercially purified DNA.

Although the conversion into a 96-well system was already an outstanding
improvement for our daily workflow, we were thinking further and wanted to make the
protocol feasible for automation. The centrifugation step after the neutralization was a
critical limitation, as it is challenging to implement the protocol into a fully automated
format. | bypassed this step by designing a buffer system that splits the neutralization
buffer in two: a potassium acetate buffer for neutralization and a Gu-HCI buffer for
capturing the DNA. After neutralization, | added silica-MNPs to the solution and applied
a magnet. While the cellular debris and the gDNA were physically pulled to the magnet,
the plasmid DNA stayed in solution under these conditions. After combining the
supernatant with the high-salt buffer and a fresh batch of beads, the plasmid DNA
could be captured and purified as described before. The obtained DNA is comparable

in amount and quality to the centrifugation-based protocol (Figure 2-4D).
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As the bacteria are cultured in 2.2 ml deep-well plates to accommodate the 96-well
format, the oxygen transfer during the incubation step is limited compared to a test
tube set-up. To fully optimise the protocol, | adjusted the growth conditions of the
bacterial cultures. | first compared different growth media and volumes to optimise the
ratio of bacterial growth and oxygen supply (Figure 2-4E). Terrific Broth (TB) as a basis
in a 2 ml culture performed best and resulted in an average yield of 7.5£0.3 ug (n = 3)
plasmid DNA after 22 h of growth. | then tested a variety of culturing times from 15 to
24 h (Figure 2-4F). With an average yield of 9.7+0.8 pg (n = 5) after 24 h of incubation,
this time point was significantly higher (P < 0.05) than any sample below 22 h of

incubation.

Here | demonstrate the conversion of a column-based, low-throughput system for
plasmid DNA isolation into a 96-well format fitted for automation processes that
perform as well as its commercial counterpart regarding quality and downstream

applications.
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Figure 2-4: Quality control and optimisation of BOMB plasmid extraction. Figures and figure text
were taken from Oberacker et al. [237] and have been slightly modified. A) Total plasmid DNA yield [ug]
extracted from E. coli, plotted against the Azeo nm/Az80 nm ratio for each sample. Black dots represent
samples extracted using the plasmid extraction protocol; red dots represent samples processed using
a commercial kit. B) Comparison of commercially purified pUC19 plasmid DNA (kit) and BOMB extracted
DNA (BOMB) with (+) and without (-) restriction enzyme digestion. MW: GeneRuler DNA Ladder Mix
(Thermo Scientific). C) Comparison of EFS plasmid DNA extracted with BOMB either using a
centrifugation-based protocol or a protocol utilizing MNPs for the physical pull-down of cellular debris.
MW: Gene Ruler DNA Ladder (Thermo Scientific). D) Exemplary sequencing trace of BOMB extracted
plasmids with Sanger sequencing. A sequencing read length of at least 800-1000 nts is typically
observed. E) Optimisation of reaction volume and media. LB: Luria-Bertani Broth, TB: Terrific Broth, SB:
Super Broth, SOC: Super Optimal Broth, ZYM505: Zymol Medium 505. Error bars represent the SEM,
n = 3. F) Optimisation of incubation time. Error bars represent the SEM, n =5, *P < 0.05, two-sided t-

test.
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2.1.4 RNA isolation from mammalian cells

In this thesis, | am mainly focusing on the analysis of expression levels. Therefore, the
isolation of total RNA, including mRNA is an essential step of almost all my
experiments. Initially, we performed these isolations using commercial column-based
systems, which were not suitable for the experimental workflow that we had planned
with several hundreds of isolations simultaneously. Together with my colleague Peter
Stepper, and the students we mentored (Sven Hohn, Jule Focken, and Vivien Meyer),
| developed and optimised a protocol for the high-throughput extraction of total RNA

from mammalian HEK293 cells.

We utilized a highly effective TRI buffer system [245,246] for the lysis of the cells and
the retainment of the RNA. If combined with a Gu-HCI-containing buffer, this reagent
allows nucleic acids to be captured by added silica-MNPs. While nucleic acids stick to
the beads, contaminants including the phenol in the TRI reagent can be washed away
with 90% EtOH. An on-bead digest with DNase | degrades the co-purified gDNA. After
several more wash steps, the RNA can be eluted and used for further reactions. RNA
purified with this protocol yields an average of 7.2+0.3 ug per 0.5*10° cells with an
A260 nm/A280 nm ratio of 1.89+0.001 (n = 96) (Figure 2-5A). The RNA is fully intact with
mRNA, tRNA and ribosomal RNA fully preserved (Figure 2-5B) and it is further suited
for delicate downstream-processes such as real-time quantitative polymerase chain
reaction (RT-gPCR, Figure 2-5C). As an alternative to the TRI based isolation system,
our collaborator Dr Timothy Hore and his group designed a variety of guanidine
thiocyanate (GITC)-based protocols. These protocols avoid the toxic phenol used in

this method, which provides a safer working environment.
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Figure 2-5: Quality control of total RNA isolated using BOMB protocols Figures and figure text
were taken from Oberacker et al. [237] and have been slightly modified. A) Total RNA isolated from
mammalian HEK293. MW: Gene Ruler DNA Ladder (Thermo Scientific). B) Total RNA yield [ug]
extracted from E. coli, plotted against the Azso nm/Az2s0 nm ratio for each sample. C) The amplification curve
of cDNA reverse transcribed from BOMB extracted total RNA. dilution series: black = undiluted, dark

grey = 10-fold dilution, light grey = 100-fold dilution.

2.2 Development of the EPIC’RISPR platform

The most significant advantages of the EPIC’'RISPR platform over any dCas9-fusion
based system are its modularity and the ability to be easily used for multiplexing set-
ups. To achieve these two characteristics, | needed to develop cloning strategies that
resulted in toolbox systems for attaching arbitrary aptamers to the 3’-end of the gRNAs

as well as for fusing ABs and EDs.

2.21 The gRNA toolbox

To construct functional gRNAs, a three-component toolbox was designed. These
components are the spacer sequence, the scaffold and the aptamers (Figure 2-6). A
previously published gRNA vector [103] which contains a stuffer region for a one-step
insertion of spacer sequences (Supplementary Data Table 0-1) by golden gate
assembly [247,248] served as a basis. This vector was modified with a new, optimised
gRNA scaffold for effective targeting [180]. To obtain this construct, firstly, a Bsal
restriction site was removed from the original plasmid [103] using ccdB_out_f and
ccdB_out_r (Supplementary Data Table 0-2) via PCR and ligation. The construct was
further modified in the same manner in two successive steps using U6_crRNA _f and
_rand U6_gRNA in_f and _r (all Supplementary Data Table 0-2). The resulting
construct contains not only the optimised gRNA scaffold but also a second stuffer
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region at the 3’-end of the gRNA (Supplementary Data Table 0-3). This second stuffer
contains two Bsal restriction sites with internal binding sequences, which allows the
insertion of aptamer sequences utilizing a hierarchical cloning strategy that has already
been established for TALEN [137].

:

By A

stuffer
e H
P *,
1] T i

Figure 2-6: Schematic representation of the EPIC'RISPR gRNA toolbox. Two stuffer systems can
be exchanged for an arbitrary combination of spacer sequence and aptamer in a hierarchical Golden

Gate assembly procedure.

In this 4-step hierarchical cloning procedure, the aptamer sequences were
successively modified, digested and ligated to assemble in a specific order to an
oligomer that can be introduced into the vector (Figure 2-7). The desired aptamers
were provided as oligonucleotides with specific flanking sequences. In the first step
(Figure 2-7 1), these flanking sequences were used to amplify the aptamers in a PCR
reaction simultaneously modifying the flanks with Bsal and/or BsmBl| restriction binding
sites. After digestion with BsmBI, these amplicons contained specific sticky ends and
were ligated to a circular oligomer in a predetermined order (Figure 2-7 Il). This
oligomer was then amplified in a PCR reaction and digested with Bsal, resulting in a
linear oligomer with specific sticky ends (Figure 2-7 1ll). To fit this construct into the
target vector, the stuffer region was removed by a Bsal digest, leaving it with matching
ends. In a final ligation step, the oligomer was introduced into the vector (Figure 2-7
IV). The final product was purified and transformed into bacteria. All sequences are
provided in Table 0-3 and Table 0-4 of the Supplementary Data section. This toolbox
represents an efficient and quick 4-step step process for the equipment of a gRNA with

an arbitrary number and combination of aptamer sequences.
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Figure 2-7: Hierarchical cloning strategy for the modular functionalization of gRNAs with
arbitrary combinations of aptamers. 1) Addition of ligation adapters containing BsmBIl and Bsal
recognition sites with individual restriction products (sticky ends) by PCR. Il) Restriction digest allows
the ligation of an arbitrary combination of cassettes to circular molecules (e.g. hexamers). An additional

exonuclease treatment ensures the removal of remaining linear molecules amplification. Ill) The circular
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molecules can be amplified in a PCR reaction, leading to linear oligomers (1-6) with individual Bsal
restriction sites on either side. IV) A Bsal restriction digest prepares the oligomer for the insertion into
the target vector. The vector itself is also treated with Bsal to release the stuffer sequence, creating
fitting sticky ends for the combination with the oligomer in a golden gate assembly reaction. MW:
GeneRuler DNA Ladder Mix (Thermo Scientific).

2.2.2 The effector toolbox

For the modular assembly of any combination of AB and ED, a system was created
that allows the arbitrary exchange of both proteins while connecting them by a linker
that grants good sterical flexibility (Figure 2-8A). For this, a series of vectors were
modified, which had previously been established for targeted chromosome labelling
[180]. These vectors contain either MCP, PCP or N22p at the C-terminus of the open
reading frame (ORF) followed by a glycine-serine-serine (GSS) linker and three
successive fluorophores. To modify them, a synthetic 39 amino acids long sequence
was inserted. By replacing the fluorophores, this sequence extends the linker while
also providing a unique Pstl restriction site at the C-terminus, upstream of FLAG tag
and a nuclear localisation sequence (NLS). To obtain this construct, the fluorophores
were removed by restriction digest with Xhol and BamH]I, and the vector backbone was
isolated using BOMB protocol #4.3 [237]. The synthetic linker (Supplementary Data
Table 0-5) was modified in a PCR reaction using gBLOCK-rain-f and -r (Supplementary
Data Table 0-6) and inserted into the vector via ligation. The sequence for this
construct is provided in Table 0-7 of the Supplementary Data section. The desired EDs
were amplified from cDNA and modified with flanking sequences identical to the flanks
of the Pstl site in the vector (Supplementary Data Table 0-8). To ensure that the
respective EDs were functional, we either amplified the full-length protein or
determined the smallest functional subunits for which crystal structures have been
published [39,212]. The synthetic transactivator domains VP64 and VPR were
amplified from SP-dCas9-VPR (Addgene #63798, gift from George Church) [109],
KRAB from pHAGE EF1a dCas9-KRAB (Addgene #50919, gift from Rene Maehr &
Scot Wolfe) [249], and mTET3del1 from pET28a (+)_ mTET3-CD-del1 (gift from
Mirunalini Ravichandran) [250]. FKBP and FRB were amplified using the primers
pHAGE_ DmrA_Pstl_fand _r or pHAGE_ DmrC_Pstl_f and _r (Supplementary Data
Table 0-9), respectively. As templates, DmrA_FLAG_CDS and DmrC_HA_CDS
(Supplementary Data Table 0-5) were utilized. The amplified domains were
subsequently inserted into the linearized vector by Gibson assembly. The success of
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the cloning was controlled by an insert release with Pstl (Figure 2-8B) and validated

by Sanger sequencing.
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Figure 2-8: The EPIC'RISPR effector toolbox allows the arbitrary combination of aptamer binder
and effector domain. A) Schematic representation of the EPIC'RISPR effector toolbox. Two stuffer
systems, separated by a GSS linker, can be exchanged for an arbitrary combination of aptamer binder
(N-terminus) and ED (C-terminus) using Gibson Assembly. The constructs also contain a FLAG-tag as
well as an NLS at the C-terminus of the respective effector molecules (not shown for better clarity of the
schematic). B) Exemplary insert release of MCP-effector constructs with Pstl. The enzyme releases the
inserted ED and, in some cases, also cuts inside the ED itself, leaving a specific pattern that helps with
identification. All constructs have been confirmed with Sanger sequencing. MW: GeneRuler DNA Ladder

Mix (Thermo Scientific).

The AB domains were exchanged similarly. The respective domain of interest was
amplified using PCR and equipped with specific flanking sequences (Supplementary
Data Table 0-9), while the vector was linearized either by PCR amplification
(open_gBLOCK f, _r, Supplementary Data Table 0-6) or an enzyme digest. The PCR
product was then introduced by Gibson assembly. To insert FKBP or FRB, the
respective sequence was amplified using pHAGE_EFS DmrA Ncol f and
pHAGE_EFS DmrA_Spel r or pHAGE _EFS DmrC_Ncol f and
pHAGE_EFS DmrC_Spel r (Supplementary Data Table 0-9). PUF domains were
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obtained from pAC1355-pmax-NLSPUFa_VP64 (Addgene #71881), pAC1356-pmax-
NLSPUFb_VP64 (Addgene #71882), pAC1357-pmax-NLSPUFw_VP64 (Addgene
#71883) or pAC1358-pmax-NLSPUFc_VP64 (Addgene #71884) [179] using
PUF_pcDNA3.1_Gib_f and _r (Supplementary Data Table 0-9).

2.2.3 Proof of concept and optimisation

CRISPR/Cas9 is an established two-component system (QRNA and dCas9-effector)
for reliable recruitment of molecules to genomic sequences. EPIC'RISPR, however,
consists not only of three components (QRNA, dCas9, effector) but also utilizes a new
gRNA scaffold with one or even multiple aptamers. These aptamers, by nature, form
secondary structures, and the correct folding of the gRNA is essential for efficient
assembly of the complex. To verify the functionality of EPIC’'RISPR, | equipped an
MS2-tagged gRNA with the spacer specific for the repetitive sequences in the telomere
region in human cells (TELS-gRNA-MS2, Supplementary Data Table 0-1 and Table
0-3). | then transfected 750 ng of this gRNA together with 150 ng dCas9 and 20 ng
MCP-coupled blue fluorescent protein (BFP) into cultured HEK293 cells, as this ratio
was suggested by similar studies [180,251]. One day post transfection (dpt) | monitored
the fluorescence using laser scanning microscopy (LSM). As indicated by the blue
spots in Figure 2-9 the gRNA was successful in recruiting the MCP-3xBFP to the
telomeres of the cells. In comparison, untargeted N22p-3xRFP (red fluorescent
protein) showed an equal distribution in the nucleus. This not only shows that
EPIC'RISPR can efficiently target specific sequences and recruit AB domain-coupled
molecules to the respective locus of interest, but it also demonstrates that effectors
utilizing other aptamer binders are not affected, therefore opening the possibility for

multiplexing approaches.
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Figure 2-9: The EPIC‘RISPR platform efficiently labels specific genetic loci by fluorophore
recruitment. LSM generated pictures of EPIC'RISPR labelled telomers by MCP-3xBFP recruitment. As
a control, untargeted N22p-3xRFP was transfected. Specifics: LSM 710, AxioObserver Plan-
Apochromat 63x/1.40 Qil DIC M27, N22p-3xRFP: 576-748 nm, mRFP1.2, Ex561, Em662, MCP-3xBFP:
410-474 nm, EBFP, Ex405, Em442.

Having established the basic functionality of the system for chromatin labelling, |
wanted to apply EPIC’RISPR for epigenetic editing. | coupled the synthetic
transcriptional activator VPR to MCP and recruited it to the ASCL1 promoter region. |
chose ASCL1 due to its low base expression level, making it an optimal candidate for
activation experiments, as already a weak activation effect should increase the gene

expression to detectable levels.

For this experiment, | used an equimolar mixture of five ASCL1-specific gRNA-MS2
molecules (Supplementary Data Table 0-1) and MCP-VPR. The gRNA spacer
sequences were designed and validated by my colleague Peter Stepper. | transfected
the constructs into HEK293 cells, together with dCas9 in two different vector
backbones (pHAGE, dSPn) and two different ratios (r1, r2). 3 dpt, the cells were
harvested, the total RNA was extracted and reverse-transcribed into cDNA. Using RT-
gPCR, the transcriptional state of ASCL7 in each sample was determined (Figure
2-10A). The strongest activation effect (191+18-fold) was achieved with a pHAGE
vector backbone at a ratio of 1:1:5 (r2, gRNA:dCas9:effector), which is comparable to
the established two-component system using dCas9-VPR and an untagged gRNA
(104+4-fold). Similar results can be achieved with dSPn-based dCas9 (117+5-fold).
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Using a ratio of 5:1:1 (r1, gRNA:dCas9:effector) resulted in a significantly lower
transcriptional activation effect. Furthermore, MS2-tagged gRNA used for recruiting a
dCas9-VPR fusion protein accomplished comparable effects to the untagged gRNA
(81+4-fold).

To determine if these conditions are also optimal for transcriptional repression, |
recruited MCP-coupled KRAB to the CXCR4 promoter in the same manner (Figure
2-10B) using two CXCR4-specific spacer sequences which were also designed and
validated by Peter Stepper (Supplementary Table Table 0-1). CXCR4 is an actively
transcribed gene in HEK293 and therefore a good target for synthetic repression.
Significant reduction of transcriptional activity was achieved with EPIC’RISPR
constructs transfected in r2 (pHAGE: 0.41+0.03-fold, dSPn: 0.57+0.02-fold) and with
the direct fusion construct (0.30+0.01-fold). However, there was a difference between
pHAGE and dSPn vector backbone, with the former yielding a significantly stronger
repressive effect. Hence, in both experimental set-ups, for activation and repression,

the same conditions generated the strongest effect.

Besides MS2/MCP, multiple other aptamer/aptamer binding domain combinations
have been established as efficient tools in CRISPR-based systems, such as PP7/PCP
or boxB/N22p. Furthermore, the PBS/PUF system has been utilized for epigenetic
editing as well [179]. Therefore, | tested these combinations by transcriptionally
activate ASCL7 with coupled VPR (Figure 2-10C). Besides boxB/N22p all
combinations achieved a significant relative activation, ranging from 42+3-fold to
422+13-fold, with MS2/MCP being the most effective combination in this set-up. This
experiment was performed as described for Figure 2-10A with the additional
transfection of 5% puromycin resistance plasmid. During the culturing, | added
2.5 ug/ml puromycin (InvivoGen) to the culture medium for a selection of transfected
cells. The puromycin selection increased the achieved effect of MCP-VPR by 2.2-fold

to 422+13-fold relative activation.

So far, | activated a gene with a low basic expression level (ASCL1) and repressed a
gene that was actively transcribed (CXCR4). However, the question remained how the
base expression level of a gene correlates with the respective epigenetic perturbation,
being it activation or repression. |, therefore, targeted MCP-VPR and MCP-KRAB to a
variety of five genes with different expression states and determined their expression

level compared to the untargeted housekeeping gene receptor accessory protein 5
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(REEPS, Figure 2-10D). For targeting, | utilized equimolar mixtures of target-specific
spacer sequences which, as for ASCL7 and CXCR4 were designed and validated by
Peter Stepper in his doctoral thesis (see Supplementary Data Table 0-1). Synthetic
transcriptional activation worked best when the target has a low base expression such
as LIN28A and ASCL1. In these genes, 100-fold overexpression was easily achieved
with MCP-VPR, while active targets like TFRC only allowed a 2-fold increase in
transcription. Transcriptional repression followed the inverse principle, with active
genes like TFRC and CXCR4 representing optimal targets for transcriptional
repression. ASCL1, on the other hand, was not repressed at all by MCP-KRAB,

showing no significant change in expression compared to mock-transfected cells.

Based on these results, | decided to perform all other editing experiments in this thesis
with a ratio of 1:1:5 (gRNA:dCas9:effector) and pHAGE-based dCas9 vectors.
Furthermore, | used puromycin selection, if not stated otherwise. Due to its better
performance compared to other recruiters, | implemented the MS2/MCP system as the

main aptamer/AB combination.
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Figure 2-10: Proof of concept and optimisation of the EPIC'RISPR platform as an epigenetic
editing tool. A) Optimisation of plasmid backbones and ratios (r1 and r2, gRNA:Effector:dCas9) for
activation using MCP-VPR targeting the ASCL1 promoter. B) Optimisation of plasmid backbones and
ratios (r1 and r2, gRNA:Effector:dCas9) for repression using MCP-KRAB targeting the CXCR4 promoter.
C) Comparison of recruitment efficacy to the ASCL 1 promoter of different aptamers and their respective
binding protein using binding protein-VPR as a reporter system for transcriptional activation. A) to C)
Error bars represent SEM of at least three biological replicates with two technical replicates each. *P <
0.05, **P < 0.01, two-sided t-test. D) Basic expression levels of untargeted (REEPS5) and targeted
(TFRC, CXCR4, EPCAM, LIN28A, and ASCL1) genes after perturbation with either MCP-VPR or MCP-
KRAB. The boundary of the box plots represents the 25th and 75th percentile, with the median indicated
as a black line. Whiskers below and above show the 10th and 90th percentiles, respectively. n = 14

independent experiments.
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2.3 EPIC’RISPR for highly parallel transcription modulation and

chromatin labelling

The melding of targeting- and recruitment functionality on one molecule, the gRNA,
distinguishes the EPIC’RISPR system from any dCas9-effector fusion-based set-up for
epigenetic editing. Any desired combination of spacer sequences can be combined
with any one or multiple effector molecules in a specific manner without interference.
It gives the system incredible flexibility and capability as the simultaneous treatment of
multiple target sequences with various combinations of effector molecules is easily
doable. There are three basic possibilities of multiplexing approaches using the
EPIC’RISPR platform (Figure 2-11): Firstly, the targeting of multiple target sequences
with one effector molecule. A mixture of gRNAs specific for multiple loci, but all tagged
with the same aptamer allow the recruitment of one type of effector to several target
sites at the same time. Secondly, gRNAs tagged with different aptamers and spacer
sequences can recruit different effectors to separate targets without interference.
Thirdly, multiple effector molecules can be recruited to one target site. This can be
achieved either by adding multiple aptamers to the gRNA and the consequential
recruitment of multiple AB-fused effectors or by recruiting one multi-effector protein by
one aptamer. In chapter 2.2.3, | already demonstrated that the recruitment of such a
multi-effector protein is doable by targeting a fusion-construct of MCP and three
consecutive fluorescent proteins (3xBFP) to the telomere region of HEK293 cells.
Furthermore, VPR is a synthetic multi-domain protein that contains three
transcriptional activators. In the following chapters, | will present evidence for the

feasibility of all multiplexing approaches described here.
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one effector / multiple targets

multiple effectors/ multiple targets

multiple effectors/ one target . TEEs Sae

Figure 2-11: Schematic representation of possible EPIC’Multiplexing set-ups. Upper panel:
simultaneous targeting of multiple target gene promoters with one effector molecule. Middle panel:
simultaneous recruitment of different EDs to separate target gene promoters. Lower panel: simultaneous
recruitment of multiple effector molecules to one target, either by using multiple aptamer sequences or

multi-effector fusion constructs.

2.3.1 gRNA mixtures

To contain the determined optimal ratio between dCas9, AB-ED and gRNA-aptamer
for multiplex experiments, the total amount of transfected gRNA should not be
changed. This means, however, that a smaller amount of each individual gRNA has to
be used, which might affect the efficacy of the transcriptional alteration. So far, | used
equimolar mixtures of two to eight gRNAs which were designed and validated by my
colleague Peter Stepper (Supplementary Data Table 0-1). | quantified the effects of a
selection of single gRNAs in the EPIC’'RISPR set-up by recruiting MCP-VPR (Figure
2-12). For each target, at least two gRNAs were sufficient to upregulate the
transcription (P<0.05) significantly. | also tested the equimolar mixtures of all gRNAs
specific for one target as described in chapter 2.2.3. In the case of ASCL 1, this mixture
achieved a stronger activation of the target gene than any single gRNA, while for
LIN28A and CXCR4, the effects were similar. For TFRC and EPCAM, on the other

hand, at least one single gRNA yielded an effect more potent than the mixture. For
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multiplexing, | selected the two to three best-performing gRNAs for each target and
combined them in an equimolar mixture, which | then transfected together with dCas9
and MCP-VPR into HEK293 cells (Figure 2-12, m:). In all cases but LIN28A, the
achieved efficacies were lower than when using a mixture of all available gRNAs for
one target. For LIN28A the multiplexing set-up achieved only 43% of the effect of the
single target activation experiment, while ASCL1 still yielded 94%. Interestingly, the
activation efficacies between multiplexing experiments and single gRNA set-ups varied
depending on the target gene. For ASCL1 the mixture of the three best performing
gRNA outperformed the strongest single gRNA by ~2.8-fold, while LIN28A and TFRC
achieved only ~0.5-fold of the most efficient single gRNA. For EPCAM and CXCR4,
however, the multiplexing mixtures activated the target genes similar to the most

efficient single gRNA.

In conclusion, the equimolar mixture | assembled, containing two to three gRNAs per
target was sufficient to upregulate all five target genes significantly. In the following
chapters (2.3.3 to 2.3.5), | hence used equimolar mixtures of the two to three most
effective gRNAs specific for the desired targets. For the experiments described in
chapters 2.3.2 and 2.5, | utilized the same gRNA mixture for all five genes as for the

experiment described above (Figure 2-12).
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Figure 2-12: Validation of target-specific MS2-modified gRNAs using MCP-VPR. The spacer

sequences were initially designed and validated by Peter Stepper during his doctoral thesis

(Supplementary Data Table 0-1). | chose several gRNAs (humbers) for each target that performed well
for Mr Stepper and tested them individually as well as in an equimolar mixture of all. | then performed a
multiplex experiment (m:) with an equimolar mixture containing the three best gRNAs of each target
(two for CXCR4) and compared the transcriptional activation efficacies. Error bars represent SEM of
three biological replicates with two technical replicates each.*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 *****P < 0.00001, two-sided t-test.
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2.3.2 one effector / multiple targets

For recruiting one ED to multiple genetic loci, | determined the three most effective
gRNAs for each target (2 for CXCR4, see chapter 2.3.1) and prepared an equimolar
mixture containing the MS2-coupled gRNAs for each target. In then transfected these
gRNAs together withdCas9 and MCP-VPR or -KRAB, respectively, and analysed the

relative transcriptional activation 3 dpt (Figure 2-13).
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Figure 2-13: EPIC’multiplexing allows the recruitment of one effector molecule to five target gene
promoters. A) recruitment of MCP-VPR via MS2-tagged gRNAs. B) recruitment of MCP-KRAB via
MS2-tagged gRNAs. Error bars represent SEM of four to six biological replicates with two technical
replicates each. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 *****P < 0.00001, two-sided t-test.

Both transcriptional effector molecules influenced the transcription of all five target
genes significantly, demonstrating the effective multiplexing capabilities of
EPIC’RISPR. Similar to the effects seen before (Figure 2-10D), the achieved relative
activational effect of MCP-VPR strongly was strongly dependent on the target gene’s
basic expression level. Active genes showed a lower response to the effector than
repressed genes. However, the achieved overall effects are slightly lower compared to
non-multiplexing experiments (e.g. ASCL1 with 169+19-fold); an effect that can be

explained by the lower portion of gRNA specific for each respective gene.

The repression experiment with MCP-KRAB showed a higher deviation and lower
changes in the transcriptional state as well (e.g. CXCR4 with 0.7+0.1-fold) compared
to the non-multiplexing experiment (0.41+0.03-fold, Figure 2-10B). An exception
depicts ASCL1, which in this set-up could be effectively repressed by MCP-KRAB
(0.52+0.06-fold). Due to its low base expression level, repression experiments on

ASCL1 should be interpreted very carefully though.
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These results emphasise the extreme versatility of the EPIC’'RISPR platform and the
possibilities of utilizing it in high-throughput experiments. Together with Sven Héhn and
Luca Schelle, | used this multiplexing set-up to recruit more than 60 human EDs to
these five genes and monitored the induced changes in the transcriptional state of the
targets. The results of this large-scale experiment are presented in detail in chapter
2.5.

2.3.3 multiple effectors / multiple targets

After demonstrating that the targeting of multiple genomic loci with EPIC’RSIRP is
highly effective and yields significant changes in expression levels, | planned to extend
the application of multiplexing by using differently tagged gRNAs for different loci. This
allowed me to specifically recruit different AB-ED fusion proteins in parallel to a variety

of genetic loci.

To obtain a visual proof of concept, | targeted the repetitive sequences in the telomere
regions using a PP7-tagged gRNA (TELS-gRNA-PP7, Supplementary Data Table 0-1)
as well as a gRNA tagged with MS2 that contained a spacer specific for the repetitive
sequences in chromosome 9 (Chr9-gRNA-MS2, Supplementary Data Table 0-1). |
utilized these gRNAs to recruit PCP-3xGFP (green fluorescent protein) and MCP-
3xBFP to the respective loci, without any co-localisation of the signal as indicated by
the distinct green and blue dots in Figure 2-14A. Untargeted N22p-3xRFP served as

a negative control and showed an equal distribution throughout the cells.

| then implemented this set-up for the epigenetic editing of three different genes
simultaneously. For this | directed the EPIC’RISPR modulator constructs MCP-KRAB,
PCP-VPR and PUFa-VPR to three different target genes (CXCR4, LIN28A, ASCL1)
by using target-specific gRNAs modified with fitting binding sites (MS2, PP7, PBSa).
The gRNAs were combined in an equimolar mixture containing the two to three best
spacer sequences for each target as described in chapter 2.3.1. | observed
simultaneous and significant repression of CXCR4 and activation of LIN28A and
ASCL1 when | co-transfected the named transcriptional modulators and gRNAs with
pHAGE-dCas9 (Figure 2-14B). To verify that no off-target effects occur when co-
transfecting e.g. PCP-VPR and PUFa-VPR, | also transfected samples that lacked one
of the gRNA sets specific for either target. As expected, these samples did not show

any significant change in transcriptional activity compared to either mock-transfected
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cells or samples transfected without any ED. More importantly, EDs with a non-fitting
aptamer binding domain did not influence the transcriptional state of the respective off-
target. This shows that the EPIC’'RISPR system can easily change the transcriptional
states of multiple genetic loci in different ways without interference, emphasizing its
superior modularity and flexibility over set-ups based on dCas9-effector fusion

proteins.
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Figure 2-14: EPIC’multiplexing allows the simultaneous recruitment of multiple effectors to
multiple, different target loci without interference. A) LSM generated pictures of simultaneous
labelling of telomers (PCP-3xGFP) and chromosome 9 specific repeats (MCP-3xBFP). As a control,
untargeted N22p-3xRFP was transfected. Specifics: LSM 710, AxioObserver Plan-Apochromat 63x/1.40
Oil DIC M27, N22p-3xRFP: 576-748 nm, mRFP1.2, Ex561, Em662, MCP-3xBFP: 410-474 nm, EBFP,
Ex405, Em442, PCP-3xGFP: 496-553 nm, EGFP, Ex488, Em525. B) Simultaneous activation and
repression of three target genes (CXCR4, LIN28A, ASCL1) by effector recruitment using three different
aptamer/binding protein combinations. To determine the occurrence of off-target effects samples with
untargeted effectors (no gRNA-aptamer) were analysed. Error bars represent SEM of at least three

biological replicates with two technical replicates each. *P < 0.05, **P < 0.01, two-sided t-test.
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2.3.4 multiple effector-copies / one target

It has been shown for an epitope (SunTag)-modified dCas9, that a signal amplification
can be achieved in epigenetic editing by recruiting multiple copies of scFv-VP64 to one
target gene. However, aptamer-based systems so far failed to deliver similar results.
There is a study showing that a 2x-aptamer system can be stable and achieve
increased effects, but the respective construct has to be stabilized by a black folding
sequence, limiting the maximal effects of the application. To determine the potential of
signal amplification using multiple aptamers for the EPIC’RISPR system, | designed a
gRNA modified with five consecutive MS2 aptamers at the 3’ end (Figure 2-15A).
A) B)
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Figure 2-15: Signal amplification with EPIC'RISPR. A) Schematic representation of signal
amplification by recruiting five copies of MCP-VPR to the LIN28A target gene. B) Relative activation of
LIN28A by MCP-VPR. The ED was recruited by a gRNA modified with either one or five copies of the
MS2 stem-loop. Error bars represent SEM of three biological replicates with three technical replicates
each. ***P < 0.001, two-sided t-test.

| utilized this gRNA to recruit multiple copies of MCP-VPR to the LIN28A target gene
and achieved a significant upregulation of the gene by 41+1-fold (P<0.001, Figure
2-15B). However, the standard EPIC’RISPR gRNA containing only one stem-loop
achieved 135t4-fold activation of LIN28A, which is significantly higher (P<0.001).

2.3.5 multiple effectors / one target

VPR represents a good example that the simultaneous recruitment of multiple EDs to
one promoter can have combinatorial or additive effects on the target gene’s
transcriptional state and epigenetic environment. In the case of VPR, these synergistic
effects increase the immediate overall efficacy of transcriptional modulation.
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Unpublished findings from other members of our group suggest that co-recruitment of
other EDs can also have effects on the stability of the altered transcriptional status.
These concepts have also been investigated by others in the past [166,168,172]. This
concept represents the foundation for any immediate and long-term change in the
epigenetic code, and therefore for the lasting reprogramming of biochemical processes
or even differentiation states. EPIC’RISPR is an optimal tool for implementing such
strategies in a large-scale format. Two possible strategies of approaching this come to
mind: the recruitment of different AB-EDs via a multi-aptamer tagged gRNA or the
recruitment of a multi-effector fusion construct with one aptamer/binding domain
combination. While the latter has already been demonstrated by recruiting VPR as well
as three consecutive fluorophores, co-recruitment with different aptamers in one gRNA
was not yet validated. The general idea of a multi-aptamer set-up harbours the big
advantage of increased modularity, as any aptamer binding domain-effector fusion
construct of the basic EPIC’RISPR toolbox can be utilized and conveniently be
interchanged to test combinations in large-scale experiments. To verify the
functionality of such a multi-aptamer-tagged gRNA, | designed and cloned three
different variants that contained one, two or three consecutive copies of the following
aptamer cassette: PP7-MS2-boxB (Figure 2-16). | equipped these gRNAs with a
spacer sequence for the chromosome 9-specific repeats and co-transfected them
together with PCP-3xGFP, MCP-3xBFP, N22p-3xRFP and pHAGE-dCas9. In each
case, a co-localization of all three fluorophores could be observed as displayed by

distinct white dots in the merged pictures (Figure 2-17).

Figure 2-16: Schematic representation of a multi-aptamer gRNA recruiting three different binding
domain-coupled fluorophores to a target locus. The cassette of PP7, MS2 and boxB can be introduced

once, twice or three times (n = 1, 2 or 3) to recruit different amounts of fluorophores
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Figure 2-17: EPIC’multiplexing allows the recruitment of three different fluorophores to one
target sequence. LSM generated pictures of EPIC’RISPR labelled of chromosome 9-specific repetitive
sequences using gRNA-(PP7-MS2-boxB),, PCP-3xGFP, MCP-3xBFP and N22p-3xRFP, with n being
1, 2 or 3. Specifics: LSM 710, AxioObserver Plan-Apochromat 63x/1.40 Oil DIC M27, N22p-3xRFP: 576-
748 nm, mRFP1.2, Ex561, Em662, MCP-3xBFP: 410-474 nm, EBFP, Ex405, Em442, PCP-3xGFP: 496-
553 nm, EGFP, Ex488, Em525
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| then tried to implement this system for epigenetic editing and co-targeted VPR and
mTET3del1 to one target gene promoter. For this experiment, | decided to choose
EPCAM as the promoter is heavily methylated in HEK293 cells and offers a good target
for mTET3del1 mediated demethylation. In contrast to other experiments performed in
this thesis, | decided to analyse samples 5 dpt, instead of 3 dpt, as recent findings of
other experiments in our group suggest stronger effects in transcriptional upregulation
by target promoter demethylation at later time points. | co-targeted EPCAM with a
gRNA harbouring the MS2 stem-loop as well as PBSa (QRNA-MS2-PBSa), MCP-VPR
and PUFa-mTET3del1 and achieved significant upregulation by 3.9+0.6-fold 5 dpt
(P<0.05, Figure 2-18). However, this effect is not significantly different when recruiting
only VPR with either gRNA-MS2 (3.31£0.4-fold) or gRNA-MS2-PBSa (2.8+0.1-fold).
Recruiting mTET3del1 alone with either gRNA also resulted in upregulation of EPCAM,
although to a lower extend (2.0£0.3-fold and 1.6+0.1-fold).

The possibility of targeting multiple EDs to a single target suggests a powerful
functionality for the EPIC’RSIPR platform, as this ability would revolutionize the way
we approach epigenetics. | was able to successfully recruit multiple fluorophores to a
single genetic locus, either by using numerous aptamers or by multi-fluorophore fusion
constructs. However, more research has to be done to effectively utilize this system

for co-recruitment of multiple EDs to one target.
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Figure 2-18: Simultaneous recruitment of two different EDs to the EPCAM target gene promoter.
MCP-VPR and PUFa-mTET3del1 were first recruited individually using single aptamer gRNAs (gRNA-
MS2, gRNA-PBSa) or gRNA containing both binding sites (QRNA-MS2-PBSa). Finally, both EDs were
recruited simultaneously using gRNA-MS2-PBSa. Error bars represent SEM of three biological

replicates with two technical replicates each. *P < 0.05, ***P < 0.001, two-sided t-test.
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2.4 EPIC’RISPR for inducible and tuneable transcription modulation

Xi, imprinting or cell differentiation are all examples of naturally occurring regulation of
gene expression in the mammalian organism [252-254]. To study these natural
processes of epigenetic modulation, it is crucial to investigate the influence of different
levels of MRNA on the respective biochemical pathway. One way to do so is the
synthetic alteration of the transcriptional state of the respective gene. CRISPR/Cas9-
based epigenetic editing methods such as the EPIC'RISPR platform show great
potential as tools for studies like this. Yet, most epigenetic EDs typically used in these
systems are selected for their strong effect on the transcriptional state of the target
gene. By recruiting e.g. VPR, the EPIC’'RISPR system can increase the transcriptional
activity of a gene by several hundred-folds. However, this does not represent a natural
change in the expression of MRNA in a human cell. To overcome this issue, | modified
the EPIC’RISPR platform with an ON- as well as an OFF-switch, which established the
functionalities of inducibility and tunability. These switches allowed me to introduce

defined shifts in gene expression in naturally occurring dimensions.

2.4.1 Switch-ON

The results described in this subchapter were obtained together with Corinna Kersten,

a student | mentored during her Bachelor thesis.

As a candidate for the switch-ON functionality, we selected the dimerization pair FKBP
and FRB [255]. The two proteins form heterodimers in the presence of the chemical
rapamycin or one of its analogues. We hypothesised that such an induced dimerization
process could be utilized for tuneable epigenetic editing with the EPIC’RISPR platform.
By fusing one of the two molecules to an epigenetic effector and the respective partner
to e.g. MCP, this complex could assemble in the presence of rapamycin, recruiting the
effector to a gene of interest by an MS2-tagged gRNA (Figure 2-19A) [200]. To find
the best sterical positioning of the molecules, we designed several constructs with
permutated orientations of FKBP and FRB (Figure 2-19B).

When recruited to the promoter region of ASCL1 as described above (see chapter
2.2.3), an equimolar combination of MCP-2xFKBP and FRB-VPR achieved a relative
activation of 3411.7-fold activation compared to pUC19 transfected cells in the
presence of 100 nM a rapamycin analogue (A/C Heterodimerizer, TaKaRa) (Figure

2-19C). This is significantly higher than any other FKBP/FRB-combination tested in
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this experiment and also higher than the same construct accomplished at 5 nM
rapamycin (3.6£0.2-fold).

Based on these results, we wanted to determine the optimal concentration of
A/C Heterodimerizer for this combination of the two dimerization partners. We hence
exposed the transfected cells to different concentrations of rapamycin, ranging from
25 to 2000 nM (Figure 2-19D). While at all concentrations, a significant increase of
transcriptional activity was observed, 250 nM rapamycin yielded the highest activation
effect of 6619-fold. This corresponds to 3.2+0.5% of the effect achieved by MCP-VPR.
Our goal, however, was to improve the system to reach a maximum activation effect
closer to MCP-VPR to cover the whole bandwidth of the effector’s capabilities. As VPR
is a large molecule, we hypothesized that its size might sterically hinder the assembly
of the complex. To test this theory, we performed the same experiment using the
smaller subunit VP64 as an effector (Figure 2-19E). We achieved significant activation
effects from 50 to 250 nM in a dose-dependent manner, while observing the strongest
effects at 150 nM with a relative activation of 5.1+0.2-fold. This corresponds to 49+1%
of the effects achieved by the basic EPIC’'RISPR construct MCP-VP64 (10.3+1.5-fold).

Here we developed a rapamycin-induced FKBP/FRB-based ON-switch for the
EPIC’RISPR platform that allows the dose-dependent modulation of transcriptional
activity by the simple addition of a chemical to the cell culture. We show that multiple
orientations of the dimerization partners can be utilized with different efficiencies. The
achieved effects are significant compared to pUC19-transfected cells as well as to cells
transfected with only the dCas9/gRNA complex but without an effector. We further
demonstrate that the achieved results compared to the direct MCP-effector differ
depending on the used effector molecule and, in our most successful set-up, covers

about 50% of the effect-range of the uninduced system.
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Figure 2-19: Tunable synthetic gene activation by rapamycin-induced recruitment of

transcriptional activators. A) and B) Schematic representation of rapamycin-induced dimerization of

FKBP and FRB (in multiple orientations) and the consequential recruitment of a transcriptional activator

to a gene of interest. C) Relative activation of ASCL7 by rapamycin-induced recruitment of the

transcriptional activator VPR at rapamycin concentrations of 5 and 100 nm. D) Concentration-dependent
increase of the achieved activational effects of MCP-2xFKBP~FRB-VPR compared to MCP-VPR. E)
Concentration-dependent increase of the achieved activational effects of MCP-2xFKBP~FRB-VP64

compared to MCP-VP64. C), D) and E) Error bars denote the SEM from at least three biological repeats
performed in technical triplicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-sided t-test.
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2.4.2 Switch-OFF

Although the FKBP/FRB-system described in chapter 2.4.1 can reach up to 49+1% of
the effect of an MCP-effector fusion construct, we wanted to cover the whole bandwidth
of transcriptional alteration from 0 to 100%. To do so, | approached this challenge from
a different perspective and developed an OFF-switch functionality. | employed another
member of the Cas protein family: Csy4. As described in detail in chapter 1.2.3, Csy4
binds a small RNA stem-loop and exhibits an endonuclease activity. While this activity
is inhibited by a point mutation of the H at position 29 to A, it can be recovered in vitro
by adding imidazole to the reaction [210]. | utilized this effect and introduced the Csy4
stem-loop as a functional tag (CsyTag) into the EPIC’'RISPR gRNA (Figure 2-20A,
Supplementary Data Table 0-3). In the absence of imidazole, the system can recruit
an ED to the gene of interest where it exhibits its function. After the addition of the
chemical to the cell culture, the Csy4 mutant’s endonucleolytic activity is revived, the
MS2 stem-loop is released from the gRNA, prohibiting the recruitment of the effector
and, consequently, stopping any further editing. Before | started the experiments
described in this chapter, | tested the tolerance of HEK293 cells for imidazole. The

detailed results of this test are described in chapter 2.6.

| first confirmed the system’s feasibility by recruiting VPR to the promoter of ASCL1
(Figure 2-20B). At 0 mM imidazole, a gRNA containing the CsyTag as well as an MS2
stem-loop (QRNA-CsyTag-MS2, Supplementary Data Table 0-3) can increase the
transcriptional activity of the target gene by 526+66-fold. The addition of 32 mM
imidazole to the cell culture reduced this effect to 26+2-fold, which represents a drop
to 5.0+£0.4% compared to the samples without imidazole. Other already published and
unpublished CRISPR/Cas-based editing constructs achieved effects comparable to
the set-up at 0 mM imidazole. While the direct fusion construct of dCas9-VPR achieved
593+71-fold activation, the EPIC’RISPR system increased the transcriptional activity
of ASCL1 by 321+44-fold (QRNA-CsyTag-MS2, w/o Csy4) and 337+65-fold (QRNA-
MS2). Furthermore, the addition of wildtype Csy4 (Csy4 WT, Supplementary Data
Table 0-11) reduced the activational effect of the system to 2.6+1.8-fold, which is not
significantly higher than pUC19 transfected cells or cells transfected without MCP-
VPR. These findings allow three conclusions: Firstly, the CsyTag does not impact the
efficiency of the recruitment of MCP by the MS2 stem-loop, compared to the basic

EPIC’RISPR system or a dCas9-effector fusion construct. Secondly, it shows that the
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endonucleolytic activity of Csy4 H29A can be rescued in vivo by the simple addition of
imidazole to the culture medium. Thirdly, the rescued activity of Csy4 H29A can reduce
the exhibited transcriptional modulation of MCP-VPR by about 95%, which covers

almost all the effect-range of the system.

Besides Csy4 H29A, | also tested the performance of an H29G mutant in this set-up,
as H to G mutants have shown stronger rescue effects in HNH endonucleases in the
past [256]. | hypothesized that such a mutant might be able to cover the remaining 5%
compared to Csy4 WT or pUC19-transfected cells, respectively. For this, | repeated
the experiment with Csy4 WT, Csy H29A and Csy4 H29G and quantified the total
effect of the Csy4 cleavage on the transcriptional activity by normalising the
transcriptional alteration effect on the effect achieved by the respective sample at 0
mM imidazole (Figure 2-20C). The strongest reduction was still achieved by Csy4 WT
(91+10-fold), followed by Csy H29A (21+0.6-fold) and Csy H29G (10+1.8-fold). For all
further experiments, | thus chose the H29A mutant over Csy4 H29G due to its stronger

and more consistent effect.

Following up on these results, | tested the effect of different imidazole concentrations
on the performance of the system (Figure 2-20D). | hypothesized that with lower
concentrations of imidazole, the rescue effect should be reduced, allowing the system
to exhibit a transcriptional activation effect closer to the completely uninduced state.
The aim was to establish a mathematical model which can be used to calculate an
exact concentration of imidazole necessary to achieve a specific, arbitrary alteration
effect. In this experiment, | titrated the concentration of imidazole added to the culture
medium from 0.5 to 32 mM. 1 mM imidazole was enough to induce a significant drop
in transcriptional activity compared to untreated cells (241+17-fold). As predicted, the
effects increase in a dose-dependent manner (26.4+1.9-fold at 32 mM), showing a
strong negative correlation between relative activation and concentration of imidazole
(R?=0.998, Figure 2-20E). This permits the fitting of an exponential curve and the
extraction of a formula for the calculation of transcriptional activation effect dependent

on the concentration of imidazole.
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Figure 2-20: Tunable synthetic gene activation by imidazole-induced cleavage of gRNAs. Figures
and figure text were taken from Oberacker et al. ([211] submitted) and have been slightly modified. A)
CRISPR/Cas9 constructs for epigenetic editing. The model also describes the functionality of the
CsyTag and Csy4 as a gRNA-degradation switch to remove the recruitment ability of the MS2 stem-
loop. B) Relative activation of the ASCL1 target gene by VPR using various recruitment methods.
Samples were normalized on mock-transfected cells. While there is no significant difference between
samples without Csy4 and Csy4 H29A (0 mM imidazole), samples treated with 32 mM imidazole show

a significantly reduced activation effect of VPR. Csy4 WT can effectively reduce the activation effects of
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VPR down to base level. C) Rescue effects of 32 mM imidazole on different Csy4 mutants. D) Relative
activation of the ASCL1 target gene by VPR using gRNA-CsyTag-MS2 and MCP-VPR in the presence
of various concentrations of imidazole. Samples were normalized on mock-transfected cells. E) Relative
activation of the ASCL1 target gene by VPR using gRNA-CsyTag-MS2 and MCP-VPR in the presence
of various concentrations of imidazole. F) The portion of undigested gRNA over the concentration of
imidazole [mM]. B) to F) Error bars denote the SEM from at least three biological repeats performed in
technical duplicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-sided t-test relative to

samples without Csy4.

| further determined the portion of digested to undigested gRNA to verify whether the
signal reduction is indeed caused by MS2-release from the scaffold. | reverse-
transcribed isolated RNA using random oligomers and analysed the cDNA with RT-
gPCR (Figure 2-20F). For this, | used the primers Q_gRNA f, Q gRNA cut r and
Q_gRNA _full_r and determined background signal with Q_BleoR BG f and _r
(Supplementary Data Table 0-12). Adding imidazole dropped the percentage of
undigested gRNA significantly already at concentrations of 0.5 mM (79.9%4.0%). The
lowest portion of undigested gRNA was detected at 32 mM (17.2%+0.2%); however,
Csy4 WT achieved even stronger effects (9.4+0.6%), confirming our hypothesis of

imidazole induced gRNA degradation.

Another factor that has not been addressed so far is the question of time. How long
does it take for Csy4 to cleave the CsyTag and how quickly is the recruitment of the
MCP-effector construct reversed? | answered this question by recruiting MCP-3xBFP
to the telomeres of HEK293 cells (Figure 2-21A), as described before (see chapter
2.2.3) utilizing a CsyTag-modified gRNA (TELS-gRNA-CsyTag-MS2, Supplementary
Data Table 0-1). | additionally transfected Csy4 H29A and monitored the fluorescence
1 dptin live-cell imaging. Initially, the telomers are visible as distinct dots in the nucleus
of the transfected cells (Figure 2-21B). The addition of 32 mM imidazole had no
immediate effect on the recruitment. However, after 1 min, the dots started to disappear
and were completely undetectable within 5 min, demonstrating that the nucleolytic

activity of Csy4 H29A can be recovered within a few minutes.
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Figure 2-21: CRISPR/Cas-mediated labelling of telomers and imidazole-induced switch-OFF.

Figures and figure text were taken from Oberacker et al. ([211] submitted) and have been slightly
modified. A) Schematic model of the imidazole-induced release of the MS2 stem-loop and the
consequential inability of the system to recruit BFP to the telomers. B) Time course of MCP-3xBFP
recruitment to the telomers in HEK293 cells in the presence of 32 mM imidazole. BFP has been depicted
as white for better visibility on paper. Pictures were taken using an LSM 710 AxioObserver (Plan-
Apochromat 63x/1.40 QOil DIC M27), detection for MCP-3xBFP with Ex405 and Em442.

| here developed two new, extremely powerful and compelling functionalities for the
EPIC'RISPR platform. The FRB/FKBP-based ON-switch, as well as the CsyTag-based
OFF-switch, allow not only the arbitrary induction of the transcriptional alteration effects
but also their dose-dependent modulation within minutes. The achieved effects cover
a range from 0 to 49% for the ON-switch and 5 to 100% for the OFF-switch. The Csy-
tag system can further be applied for reversible chromatin labelling and the regulation
of transgene expression (see chapter 2.6). The results of this chapter are part of a

manuscript which is currently in submission [211].
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2.5 EPIC’RISPR for large-scale parallel modulation of transcription

The vast majority of knowledge we currently have about the epigenetic network is
based on associative data. This means we know that epigenetic modifications are
linked to the transcriptional state of a gene and that they may appear at specific
locations relative to the genetic environment. However, we do not know whether these
marks cause the respective transcriptional state or if they are simply the product of it.
The same is true for most epigenetic modifiers. From structural data, scientists
extracted conserved sequences and demonstrated for some of them their specific
enzymatic activities, substrate preferences and even products. However, we do not
know much about how they interact with the epigenetic network, what their interaction
partners are, how they find their targets or how they avoid off-target activity. To answer
all these questions, associative data is simply not sufficient. Epigenetic editing,
however, can specifically disturb the epigenetic network by recruiting EDs to a distinct
gene and monitor the effects on transcriptional activity, changes in chromatin structure
and the DNA methylation status. The EPIC’RISPR platform represents a particularly
well-suited epigenetic editing tool for such a venture, as it enables high-throughput

experiments for introducing and probing multiple epigenetic alterations simultaneously.

In this chapter, | describe the results of an experiment where | targeted more than 60
different epigenetic EDs to five differently expressed target genes. With the help of
Sven H6hn and Luca Schelle, | fused over 100 different human genes or their catalytic
domains (CD) with MCP as described in chapter 2.2.2. | then performed a large scale
version of the experiments described in chapter 2.3.2 and recruited more than 60 of
these constructs to five differently expressed genes. | harvested the cells 3 dpt, isolated

their RNA, reverse transcribed it into cDNA and performed RT-gPCR analysis.

2.5.1 Controls

To verify the results of such a large scale experiment, | utilized the already verified
constructs MCP-KRAB and MCP-VPR as controls (Figure 2-22). Both EDs performed
similarly as observed before and achieved repression or activation, respectively, in all
five target genes (compare Figure 2-13). As in all previous editing experiment, pUC19
transfected cells served as a basis for normalization. | also transfected samples only
with dCas9 and the gRNA mix, as this combination has been shown to be sufficient for
repressing certain genes if bound to the promoter [150]. In this set-up, however, the
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gRNA/dCas9 complex did not change the expression level of any of the five target
genes significantly. As described in chapter 2.3.2, the variation between the sample

replicates is higher than observed for experiments with only one target.
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Figure 2-22: Control samples for multitarget perturbation. pUC19 transfected cells served as a non-
targeting control, and all other samples were normalized to them. dCas9 and gRNA alone have been
shown to repress certain targets. To determine their influence on the chosen targets, samples have
been transfected without effectors. MCP-KRAB and MCP-VPR served as positive controls for effective
transcriptional repression and activation. Error bars represent SEM of three to six biological replicates

with two technical replicates each.

2.5.2 HKMTs

Methylation of histones is one of the most studied epigenetic modifications. To learn
more about the effects of synthetically introduced methylation marks, | targeted 27
HKMTs of five different specificities (H3K4, H3K9, H3K27, H3K36 and H4K20) to five
differently expressed genes and monitored their influence on transcriptional activity
(Figure 2-23).

Overall, targeting any HKMT to TFRC and EPCAM does not seem to have a substantial
effect on the transcriptional status of either gene, although EPCAM is slightly repressed
in some cases. CXCR4 and LIN28A, however, are marginally upregulated in most
cases, and ASCL1 shows both transcriptional activation and repression not following
any specific pattern. As CXCR4 is a monoexonic target, the results regarding this target
gene must be evaluated carefully, as potentially co-purified genomic DNA could

influence the results.

The effect on transcriptional activity of any ED depends on the positioning of the mark
and the epigenetic surrounding, as some EDs need pre-methylated substrates or other
modifications in the close proximity of the target to function. Therefore, it is crucial to
look at each ED and target individually when evaluating this data.
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H3K4 MTs (Figure 2-23A)

H3K4me3 is the main epigenetic modification associated with transcriptional activity. It
has been shown to maintain transcription by interacting with the NURF complex [29],
and it directly prevents DNA methylation [42]. In co-operation with H3K36 methylation,
it even interacts with the HAT-recruiter complex NuA4, and it is therefore directly linked
to actively promoting transcriptional activation [41]. | chose five known (KMT2B,
KMT2C, KMT2D, SETD1A, SETD7) and one predicted (SET1B) H3K4-specific MTs,
from which all but SETD7 are MLL family members, to specifically introduce H3K4

methylation in the promoter regions of the five target genes.

Almost no H3K4-MTs caused a significant alteration in TFRC activity, which is
expected as the gene is actively transcribed, and the associated histones are most
likely already methylated at their K4 residue. Interestingly, SETD1A induced a slight

but significant reduction of transcription to 0.86+0.02-fold.

EPCAM and LIN28A both show similar low expression levels (Figure 2-10D),
suggesting a lack of H3K4 methylation and potentially high H3K9me3 levels making
them good potential targets for KMT2B, KMT2C, KMT2D and SETD7. None of these
EDs was able to alter the transcription of EPCAM, but KMT2B, KMT2C and SETD7
increased CXCR4 and LIN28A transcription significantly with KMT2B achieving the
strongest effect of 2.31+0.27-fold relative expression on LIN28A. Interestingly,
SETD1A was also able to significantly promote activation of LIN28A (1.96+0.25-fold)
as well, although SETD1A and SETD1B have both shown not to catalyse H3K4
methylation if H3K9 is already methylated [257]. This might suggest different regulatory

mechanisms of EPCAM and LIN28A, despite their similar expression levels.

ASCL1 is the gene with the lowest base expression of all five targets, and
transcriptional activation with VPR achieves effects that are at least an order of
magnitude higher than with any other of the five targets. Interestingly, none of the six
H3K4-specific MTs was able to increase the transcriptional activity of ASCL1
significantly. SETD1B surprisingly even strongly repressed the gene down to
0.42+0.05-fold transcriptional activity. As mentioned in the paragraph above, it is not
likely that SETD1B causes activation of ASCL1, as the gene is strongly repressed and
most likely contains H3K9me3 marks. However, the strong repressive effect of SET1B
on the expression even suggesting more diverse roles of the ED under distinct
circumstances.
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H3K9 MTs (Figure 2-23B)

Although being a characteristic mark for heterochromatin, H3K9 methylation has also
been located in the promoters of some active genes [28]. The synthetic introduction of
H3K9 methylation is therefore especially interesting, as the influence on transcriptional
activity is especially hard to predict. | targeted six members of the SUV39 family
(EHMT1, EHMT2, SETDB1, SETDB2, SUV39H1, SUV39H2) as well as PR/SET
domain 2 (PRDM2/RIZ), all of which are known as H3K9-specific MTs. While SUV39
family proteins are typically associated with transcriptional repression, PRDM2 is

known as a positive regulator for some genes [258].

None of the SUV39 family members achieved any significant change in transcriptional
activity in TFRC or EPCAM. For SUV39H1 and SUV39H2, this was expected as both
proteins require H3K9me1 as a substrate [46], which should not be present in the
promoter region of these genes. EHMT1 and EHMT2 mainly cause H3K9me2, which
is known as a repressive mark in euchromatic regions. However, the two proteins
facilitate the inheritance of this mark and might need H3K9me2 present on
neighbouring nucleosomes to catalyse the methylation [52]. PRDM2, on the other
hand, was able to increase TFRC acivity slightly but significantly to 1.22+0.06-fold,
which is rather surprising, as even VPR can increase the expression of this gene just
about 1.85+0.18-fold.

Interestingly, all recruited EDs but SETDB1 activated LIN28A significantly. This is
expected for PRDM2, which achieved the strongest activation of 4.15+0.22-fold, but
less so for the SUV39 family. In comparison, CXCR4 was also upregulated by all used
EDs; however, only PRDM2, SETDB1 and 2 achieved significant effects. The changes
observed in ASCL1 transcription are rather ambiguous. The two strongest effects in
either direction were achieved by EHMT 1, which significantly repressed the gene to
0.7310.08-fold expression, and SUV39H2 activating ASCL17 by 1.86+0.21-fold. This
activation effect, however, is rather weak, considering the extreme potential of ASCL1

for activation.

7



A) 025 05

kaT2e |

HMT2C
HMTZD
SETDIA
SETDIE
SETDT

EHMT1
EHMT2
FROM2
SETDE1T
SETDB2
SUVISHI
SUVIsHZ

C)

relative sctiviation of

TFRC _

relative sctiviation of

4 025 05

relative activiation of

025 05

0.25 0.5

relative sctiviation of relstive sctiviation of

LINZBA ASCLA1
10z 0 2

g!l!l

!

ik o
ik
wE
&

wk =g
&
&
&
%

&
£
wE
wi
w
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methyltransferases, mainly MLL family. B) H3K9 methyltransferases, mainly SUV38 family. C) H3K27
methyltransferases and facilitating proteins of the polycomb complex. D) H3K36 methyltransferases. E)
H3K79 methyltransferase DOT1L. F) H4K20 methyltransferases. Error bars denote the SEM from three

to six biological repeats performed in technical duplicates. *P < 0.05, **P < 0.01, two-sided t-test.

H3K27 MTs (Figure 2-23C)

H3K27 methylation is the hallmark of the PRC and therefore involved in transcriptional
repression. However, the mark can also co-exist with H3K4me3 in bivalent promoters
of important genes in ESC [65]. To elucidate the effects of H3K27me3, | recruited three
PRC-associated proteins, namely the two main HKMTs, EZH1 and EZH2, as well as
the Embryonic Ectoderm Development (EED) protein, which does not exhibit
methylation activity itself but plays a crucial role in HKMT recruitment. Furthermore, |
recruited the dimeric viral SET domain methyltransferase (vSET), the smallest known
H3K27 MTs [259].

The addition of H3K27me3 on promoters of highly active genes is hard to predict, as
they usually already contain H3K4me3 and the respective promoters would become

bivalent. It hence comes to no surprise that TFRC displayed again a remarkable
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resistance against epigenetic alteration and neither ED achieved any significant
change in transcription. However, all four effectors were able to repress the expression
of EPCAM, with EZH1 achieving significant repression down to 0.75+0.08-fold. In
contrast to TFRC, EPCAM displays a lower transcriptional base activity reducing the
chance of creating bivalent nucleosomes by adding H3K37me3 to already present
H3K4me3.

EED, EZH1 and EZH2 showed no significant effects on neither LIN28A nor ASCL1.
Both genes are already very weakly expressed and might already contain H3K27
methylation sites. And although EPCAM and LIN28A share similar expression levels,
the same modifications might have a different impact on their transcriptional state,
further showcasing the extreme complexity of how genes are controlled. Interestingly,
vSET was able to significantly activate LIN28A and ASCL1 by 1.83+0.10 and
2.4310.49-fold, respectively. However, as mentioned for SUV39H2, these effects are

rather weak compared to the potential of both genes for transcriptional activation.
H3K36 MTs (Figure 2-23D)

Although H3K36 methylation is known to actively repress transcription by recruiting
deacetylation complexes, it is usually located in the gene body where it prevents
aberrant transcription initiation [72,73]. We, therefore, do not know much about how
this mark will influence the transcription status of a gene, if introduced in the promoter
region. To elucidate that, | recruited NSD1 and NSD2, which introduce H3K36me1 and
me2, as well as NSD3, ASH1L, SMYD2 and SMYD3, which are known to trimethylated
H3K36 based on premethylated substrate. As H3K36me3 is associated with DNA
methylation [75], recruiting these modifiers to a promoter could potentially cause strong

repressive effects.

As for most other HKMTs, neither H3K36-specific MT affected the transcription of
TFRC. H3K36me1 is usually found close to the promoter of active genes, which means
that additional marks might not have a big impact in the respective context. On the
other hand, there is no naturally occurring H3K36me1 or me2 present in the promoter
region of these genes, which lowers the probability for NSD3, ASH1L, SMYD2 and
SMYD3 to find a substrate.
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For EPCAM, neither of the me1-specific MTs achieved any significant drop in
expression, however, recruiting ASH1L and SMYD3 repressed the gene significantly
to 0.68+0.04-fold and 0.74+0.02-fold activity, respectively.

In the repression targets LIN28A and ASCL1, only ASH1L was able to achieve
significant repression for ASCL1 down to 0.73+0.07-fold. NSD1 however, weakly
activated ASCL17 to 1.55+0.11-fold expression. LIN28A was again upregulated by a
majority of the EDs with NSD2 achieving the strongest effect (2.32+0.32-fold).

H3K79 MT (Figure 2-23E)

DOT1 like (DOT1L) HKMT is the only known enzymes to introduce H3K79me3 in the
mammalian system. The modification is involved in many biological processes such as
DNA damage response, polymerase elongation or cell cycle control, and it is strongly
associated with active transcription [260]. Surprisingly, the introduction of H3K79me3
to TFRC and EPCAM represses both genes significantly down to 0.81+0.03-fold and
0.69+0.08-fold, respectively. Although causing slight activation of CXCR4, LIN28A and

ASCL1, none of these effects is significant.
H4K20 MTs (Figure 2-23F)

Methylation of H4K20 correlates strongly with transcriptional repression. H3K4me1 is
mainly introduced by KMT5A [80] and serves as a substrate for H3K4 trimethylation
catalysed KMT5B and KMT5C [84]. When targeted to EPCAM and ASCL1, all
enzymes achieved significant repression of both genes. EPCAM showed the strongest
repression when modified by KMT5A (0.71+0.07-fold) and ASCL1 when treated with
KMT5B (0.70+0.06-fold); however, the effects of all three modifiers were very similar.
Interestingly, neither enzyme was able to alter the transcriptional state of TFRC in this
set-up, while LIN28A and CXCR4 were upregulated by each of the HKMTs.

2.5.3 HKDMs

Removing an epigenetic modification can have the same impact on the transcriptional
state of a gene as adding one. In the case of histone methylation, there are several
examples of antagonism that have been described in chapter 1.1.3. The removal of a
certain mark may, therefore, allow another to be introduced and hence alter gene
expression. We know that several marks, such as H3K9me3 or H3K27me3, can

interact with chromatin remodelers and removing them might alter chromatin structure
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in some cases (see chapter 1.1.3). To study this, | recruited 23 known HKDMs to five
target genes, with specificities for H3K4me, H3K9me, H3K27me, H3K36me from which
many have more ambiguous roles (Figure 2-24). Although CXCR4 shows a tendency
to be activated, none of the observed effects is significant. TFRC and EPCAM, on the
other hand, display an even stronger resilience towards transcriptional alteration by
HKDMs with a slight tendency for being repressed. LIN28A and ASCL1 display more
variable responses and can be significantly activated or repressed, depending on the

recruited ED.
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Figure 2-24: Simultaneous histone demethylation of five differently expressed genes. A) H3K4
demethylases B) H3K9 demethylases C) H3K27 demethylases D) H3K36 demethylases. E)
Multipurpose HKDMs with a broader target specificity. Error bars denote the SEM from three to six
biological repeats performed in technical duplicates. *P < 0.05, **P < 0.01, ***P < 0.001, two-sided t-

test.

H3K4 DMs (Figure 2-24A)

One of the major purposes of H3K4me3 is the maintenance of transcriptional activity
[36,42]. As such, its removal might cause transcriptional silencing by DNA methylation
and histone deacetylation. To investigate the influence of H4K4me removal from the
promoter region of genes, | recruited KDM1A (LSD1) as the most prominent H3K4 DM.
As this enzyme only uses H3K4me2 as a substrate, | also tested three members of the
Jumoniji/ARID Domain (JARID) class HKDMs, namely KDM5A, KDM5B and KDM5C.
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While KDM1A-recruitment had only weak to no effects on TFRC and EPCAM, all three
JARID HKDMs repressed both genes significantly to 0.61+0.04-fold activity for TFRC
(KDM5B) and 0.61+0.15-fold for EPCAM (KDM5A). As H3K4me3 is the main
epigenetic mark for maintenance of transcriptional activity in the promoter, it makes
sense that H3K4me3-specific HKDMs display stronger effects than KDM1A. None of
the JARID family enzymes was able to change the expression levels of LIN28A and
ASCL1 significantly, which come to no surprise, as genes with a low base expression
level should not contain much H3K4me3 in their promoters anyways, again
demonstrating the different epigenetic regulatory mechanisms in similarly expressed
genes such as EPCAM and LIN28A. KDM1A was able to surprisingly upregulate
LIN28A to 4.751£0.87-fold and repress ASCL1 significantly to 0.72+0.07-fold relative

activity.
H3K9 DMs (Figure 2-24B)

The removal of H3K9me3 as one of the most well-characterized repressive marks may
promote transcription and increase gene activity. To investigate this, | recruited six
members of the Jumonji Domain (JMJD) containing HKDMs, with KDM3A, KDM3B and
KDM3C being specific for H3K9me2 and KDM4B, KDM4D and KDM4E focusing on
H3K9me3 as a target.

Two of the three H3K9me2-specific DMs were able to upregulate TFRC significantly
up to 1.45+0.07-fold, but none of the H3K9me3 DMs induced any change in
transcription. This is not surprising, as a gene as active as TFRC should not have any
H3K9me3 present in its promoter region. None of the recruited enzymes achieved any
significant change in the transcription status of either EPCAM, LIN28A or ASCL1, but

all showed a tendency for activation in the latter two genes.
H3K27 DMs (Figure 2-24C)

Removing H3K27me3, the main mark of the PRC, suggests transcriptional activation.
By recruiting KDM6A (UTX) and KDM6B (JMJ3D), | wanted to investigate this
possibility. Although showing tendencies for both activation and repression in different
targets, neither enzyme could achieve a significant change in the expression of any of

the five genes.
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H3K36 DMs (Figure 2-24D)

H3K36 methylation is the main repressive histone mark in the gene body in which it is
gradually distributed, from H3K36me1 close to the promoter to H3K36me3 at the 3’-
end [70]. It is therefore unlikely that a gene, neither repressed nor active, has much
H3K36 methylation in its promoter region. However, | targeted KDM2A as the main
enzyme for removing H3K36me1 to the promoter of the five target genes to investigate

its influence.

In four of five genes, there was no significant change in transcription. However, KDM2A
was able to upregulate LIN28A significantly to 2.39+0.52-fold expression, which would

be expected if H3K36me1 was present in the promoter region.
Multipurpose HKDMs (Figure 2-24E)

Interestingly, many HKDMs are rather ambiguous in their substrate selection and can
remove methylation from multiple residues in the histone tales. While this makes the
analysis of their functionality especially challenging, they might exhibit a stronger effect
on the transcriptional state as they possibly introduce more than one epigenetic

modification.

KDM2B or F-Box And Leucine-Rich Repeat Protein 10 (FBXL10) is a member of the
JmjC Domain family and catalyses the removal of both H3K4me3 and H3K36me2,
suggesting a role in the transcriptional repression, considering the functions of both
modifications in active genes. | recruited both the full-length protein (KDM2B) as well
as the F-box domain (KDM2B F-box) to the five target genes. KDM2B was able to
significantly repress both TFRC (0.73+0.08) and EPCAM (0.67+0.06), while KDM2B
F-box only showed a tendency for repression but no significant effects. Surprisingly
both EDs were able to upregulate LIN28A significantly. KDM2B F-box achieved an
increase in transcriptional activity to 10.312.2-fold, which represents the most potent
activational effect of any ED on any gene used in this experiment, except for VPR.
Although surprising, this effect agrees with the results of the H3K36-specific DMT
KDM2A, which exhibited transcriptional activation on LIN28A as well. KDM2B F-box
was also able to increase the transcription level of ASCL1 to 4.7+0.8-fold, an effect

that could only be matched by lysine acetyltransferase 8 (KAT8, see chapter 2.5.4).

KDM4A and KDM4C are both members of the JMJD family and catalyse the
demethylation of H3K9me3 and H3K36me3. Both have a strong specificity for the
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trimethylated state and do not exhibit demethylase activity on either me2 or me1. The
only significant effect was achieved by KDM4A, which activated LIN28A to 2.9+0.7-
fold, which agrees with the impact of other H3K9me3 specific HKDMs on this target.

KDM7A (KIAA1718) and KDM7B (PHF) both demethylate H3K9me2 and H3K27me2.
They also bind H3K4 and recognize its methylation status, but react differently to what
they detect [261]. In the presence of H3K4me3, KDM7A loses all H3K9me2-specific
demethylase activity, while its activity toward H3K27me2 is strongly increased.
KDM7B, however, cannot demethylate H3K9me2, unless H3K4me3 is present in the
same nucleosome. This suggests an interesting relationship between the two HKDMs
and vastly different roles in epigenetic programming. This opposing relationship is
mirrored in their effects on LIN28A and ASCL1, respectively. KDM7A activates LIN28A
(2.1£0.5-fold) but does not affect ASCL1 transcription. KDM7B, on the other hand,
does not influence LIN28A but represses ASCL1 significantly to 0.51+0.08-fold.

KDM7C (PHF2) is enzymatically inactive but can be activated by protein kinase A-
mediated phosphorylation. The enzyme then binds the AT-rich interactive domain 5B
(ARID5B), with which it forms a complex [262]. If both requirements are complied with,
KDM7C-ARID5B can bind and demethylate H3K9me2. The recruitment of KDM7C,
however, did not affect the transcriptional state of any target, suggesting that

phosphorylation or complex formation were somehow impaired.

KDMS8 has a broad spectrum of possible substrates, as it generally demethylates
arginine residues in H2, H3 and H4 as well as H3K9me1 and me2 [263-265].
Interestingly, after demethylation, it exhibits protease activity and cleaves off the
respective histone tail, which facilitates transcriptional elongation. Surprisingly,
recruiting KDM8 to TFRC (0.6+0.1-fold) and ASCL1 (0.54+0.02-fold) leads to a
significant drop in transcriptional activity in both genes. Other target genes were not

affected.

RIOX1 (NOG66) acts as both an HKDM and a ribosomal histidine hydroxylase [266]. Its
primary substrates are H3K4me1, H3K4me3 and H3K36me3, suggesting repressive
effects when targeted to the promoter region of actively transcribed genes.
Recruitment of RIOX1 leads to significant repression of TFRC (0.68+0.07-fold) and
ASCL1 (0.541£0.10-fold), and even LIN28A is slightly downregulated (0.85+0.22-fold).
EPCAM and CXCR4 did not show a significant response to RIOX1-recruitment.
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2.5.4 HATs and HDACs

Acetylation of histone lysine residues strongly correlates with transcriptional activation.
The modification directly influences chromatin structure by covering the positive charge
of the lysine, but it is also a potential binding partner for transcription factors that
modulate gene activity [91]. Introducing and removing histone acetylation in the
promoter region by recruiting HATs and HDACs promises direct and strong alteration

effects on the transcriptional state of any gene.

Here, | recruited 8 known HATs, namely KAT2A (GNATS), KAT3B (p300), KATS,
KAT6A and 6B, KAT7-9 (all MYST), as well as 14 HDACs of classes | (HDAC1-3,
HDACS), Il (HDAC4-7) and lll (SIRT1, 2, 6 and 7) (Figure 2-25). As HDACs tend to be
extremely large proteins due to their multiple non-catalytic domains, | identified active
CDs from published crystal structures [39,212] for HDAC2-6 and cloned them into the
MCP vector as described in chapter 2.2.2. For HDACS3, | also tested the full-length
version and compared it to the achieved effects of the CD. As HDAC 6 harbours two
catalytically active acetylation domains, | cloned and tested them separately
(annotated as CD1 and CD2).

Overall, the achieved effects on transcription were mostly expected. HATs generally
upregulated several to all targeted genes with ASCL7 showing the strongest
responses. HDACs genuinely downregulated their targets but were rather particular

about their targets, especially HDACs of class |.
HATSs (Figure 2-25A)

The most responsive targets for the transfected HATs were CXCR4 as well as the
already repressed genes LIN28A and ASCL1. LIN28A was significantly upregulated
by KAT2A, 3B, 6B and 9, with KAT6B achieving the strongest effect of 2.8+0.5-fold
relative expression. KAT6B was also the enzyme that showed the biggest significant
changes in ASCL1 transcription by increasing its transcription to 2.35+0.04-fold.
Although KAT8-recruitment lead to the highest activation of ASCL1 in this experiment
(5.4+1.8-fold), these effects were not significant due to high variability. All other HATs
showed a certain tendency for activation in ASCL1 as well, but the effects were also
not significant. Furthermore, KAT6B was the only HAT to upregulate EPCAM (2.8+0.5-
fold) significantly. CXCR4, on the other hand, was significantly upregulated by all HATs
except for KAT2A and KATO.
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TFRC, as an already active gene, was rather resistant against transcriptional changes
and did not display activation by any of the HATs. However, KAT2B and KAT8 slightly
repressed the gene, which might be due to dCas9 binding, as the effects are not

significantly stronger than in the respective control (Figure 2-22).
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Figure 2-25: Simultaneous histone acetylation and deacetylation of five differently expressed
genes. A) Histone acetyltransferases of the GNAT, p300 and MSYT families. B) Histone deacetylases
of class I. C) Histone deacetylases of class Il. D) Histone deacetylases of class Ill, members of the
sirtuin family. Error bars denote the SEM from three to six biological repeats performed in technical
duplicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-sided t-test.

HDACSs Class | (Figure 2-24B)

HDAC1 was the only class | HDAC to repress TFRC significantly (0.79+0.04-fold), but
it did not change the transcription status of EPCAM, LIN28A or ASCL1. EPCAM, on
the other hand, was significantly downregulated by HDACS3 (full length, 0.77+0.07-fold)
and HDACS8 (0.78+0.08-fold), which both did not show any significant effect on any
other gene. Interestingly, none of the CDs was able to alter the transcription status of
any of the five targets, suggesting that the interaction with other proteins is crucial for
effective and rapid repression by deacetylation for class | HDACs. Interestingly,
HDAC1 and the CDs of HDAC2 and 3 were all able to slightly upregulate CXCR4. Even
though significant compared to pUC19-transfected cells, the achieved effects were
rather small with 1.69 to 1.78-fold expression. If compared to cells transfected without

ED, this increased transcription was not significant.
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HDACSs Class Il (Figure 2-24C)

All five class |l HDACs or their respective CDs significantly downregulated TFRC in
this experiment, with CD2 of HDACG6 achieving the strongest effect of 0.69+0.01-fold
transcription. For EPCAM, the recruitment of three out of five HDACs repressed the
gene significantly, and the CD of HDACS5 resulted in the strongest downregulation to
0.69+0.06-fold. Interestingly, the expression of LIN28A could not be changed by any
of the class || HDACs, while ASCL1 was downregulated significantly by both CDs of
HDAC6 as well as by HDAC7. Furthermore, HDAC6 and HDAC7 achieved the
strongest repressive effects of any target in this experiment and downregulated ASCL1
to 0.38+0.05-fold and 0.27+0.06-fold, respectively. As mentioned before, repression of
ASCL1 needs to be interpreted carefully, as the gene has very low base expression.
However, these effects were even stronger than what | achieved by recruiting KRAB,
suggesting a strong downregulating influence. CXCR4 was slightly upregulated by
both CDs of HDACG6. However, as explained for class | HDACs, these effects are not

significant compared to cells transfected without an ED.
HDACSs Class lll (Figure 2-24D)

In this set-up, the sirtuins of class Ill did not display any significant impact on the
transcription of any of the five target genes, except for SIRT6 which was able to repress

TFRC significantly to 0.70£0.06-fold expression level.

2.6 CsyTag for transgene expression control

Considering the great potential of the CsyTag/Csy4 system, | wanted to extend its
functionality from the arbitrary modulation of endogenous gene expression (see
chapter 2.4.2) also to control the transcription of transgenes. | hypothesized that an
mRNA modified with CsyTag sequences in its 5’ and/or 3’ UTR would be detected and
digested by co-transfected Csy4, effectively releasing the 5 m7G-cap and/or the
3’ poly-A tail. This would allow exonucleases to degrade the unprotected mRNA
(Figure 2-26A). pCAG-GFPd2 (Gd2) represents an optimal reporter system for this
task. GFP intensities can easily be measured by fluorescence microscopy or
fluorescence-activated cell sorting (FACS) analysis, and the powerful synthetic
promoter ensures a strong basal expression level. Additionally, the degradation
domain (d2) at the C-terminus of GFP shortens the half-life of the synthesized protein,
which makes the system more responsive to changes in mRNA titres. Based on this, |
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designed several constructs with one or more CsyTag sequences in either UTR
(Figure 2-26B, Supplementary Data Table 0-11) and further removed the NLS at the
C-terminus of Csy4 (Csy4 WT ANLS, Csy4 H29A ANLS, Supplementary Data Table

0-11) to synchronize the locations of enzyme and mRNA.

To verify this hypothesis, | co-transfected HEK293 cells with the unmodified reporter
vector (Gd2) or CsyTag-GFPd2 (C-Gd2) with and without the wildtype Csy4 (Csy4 WT)
(Figure 2-26C) and monitored the results using fluorescence microscopy. As
expected, cells transfected with C-Gd2 and Csy4 WT displayed no visible GFP signal,
while samples without Csy4 showed a similar signal as Gd2 (with and without Csy4).
These effects strongly support the suggested hypothesis and are similar to results

obtained by others in comparable set-ups [205,206].

| then tested how the imidazole inducible Csy4 H29A ANLS mutant influences the GFP
signal with and without 20 mM imidazole. For this, | cultivated transfected cells for three
days and analysed them using FACS (Figure 2-27A). For a detailed description of the
analysis, see chapter 4.3.4. In the presence of 20 mM imidazole, Csy4 H29A ANLS
yields about 21.5% cells in Q2. This represents a reduction to 69% compared to cells
transfected without Csy4 (31% in Q2) and down to 75% compared to cells with Csy4
but without imidazole treatment (28.7% in Q2). Csy WT transfected samples, on the
other hand, contained only 0.5% of cells in Q2, a signal reduction down to 1.6%

compared to cells without Csy4.
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Figure 2-26: CsyTag for induced repression of transgene expression. Figures and figure text were

taken from Oberacker et al. ([211] submitted) and have been slightly modified. A) Schematic

representation of CsyTag’s function as a degradation tag in mRNA. B) Schematic representation of
CsyTag-GFPd2 constructs used in this thesis. C) Fluorescence Microscopy (EVOS) of HEK293 cells
transfected with either GFPd2 or CsyTag-GFPd2, with or without Csy4 WT. mRuby2 functioned as a

positive control for transfection.
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Figure 2-27: Imidazole rescues the nucleolytic activity of Csy4 H29A. A) FACS analysis of HEK293
cells transfected with C-Gd2 with and without Csy4 or Csy4 H29A. All samples were co-transfected with
mRuby?2. Lower left-hand panel: cells were additionally treated with 20 mM imidazole starting 1 dpt. The
exemplary scatter plots show the selection process for the analysis from left to right. First, HEK293 cells
were determined (left plot). From this fraction, aggregated cell clusters were excluded (middle plot), and

the fluorescent single cells were validated in four sectors (Q1 to Q4, right plot). Only double-positive
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cells (Q2) were used for analysis. B)20 mM imidazole revives the nucleolytic activity of
Csy4 H29A ANLS. Samples were normalized on the respective fluorescence signal of samples without
imidazole treatment, Csy4 H29A ANLS positive samples afterwards on samples without Csy4.
Csy4 H29A ANLS can effectively reduce the level of various CsyTag/GFPd2 constructs in the presence
of 20 mM imidazole to different extend. Samples with multiple CsyTag in the 5 UTR display a stronger
response to Csy4 activity. Error bars denote the SEM from at least one biological repeat performed in
technical ftriplicates. **P < 0.01, ***P < 0.001, two-sided t-test. C) Influence of imidazole on the
morphology of HEK293 cells. At concentrations at or below 32 mM cells show no change in morphology
compared to untreated cells. The cells have been transfected with PuroR and treated with puromycin
and the respective concentration of imidazole for 3 days. D) Influence of 32 mM imidazole on the
fluorescence of mRuby2 and GFPd2 constructs. Samples were normalized on the respective
fluorescence signal of samples without imidazole treatment. Error bars denote the SEM from at least
one biological repeat performed in technical triplicates. **P < 0.01, ***P < 0.001, two-sided t-test. E)
mRuby?2 positive HEK293 cells (Q1+Q2) over the intensity of GFP as measured by FACS analysis. 1x

to 4xC-Gd2 samples were treated with 32 mM imidazole.

To improve the effect of Csy4 H29A ANLS, | hypothesized that multiple CsyTags in the
UTR would increase the chances of Csy4 binding and, therefore, compensate the
compromised enzymatic activity of the mutant. | first transfected all designed
constructs with and without Csy4 H29A ANLS, as well as with and without 20 mM
imidazole (Figure 2-27B). The cells were cultured and analysed using FACS as
described. | first normalised each Csy4 H29A ANLS-transfected sample
(+/- imidazole) on the respective sample without Csy4, and | then normalised the
imidazole-treated samples on samples cultivated without the chemical. As a positive
control, | also transfected samples with Csy4 WT. In all cases, Csy4 H29A ANLS
achieved a significant reduction of GFP signal. The signal of C-Gd2 dropped to 557 %,
which represents a more robust response than | achieved in the experiment before
(75%, no replicates). Implementing the CsyTag in the 3° UTR (Gd2-C) yielded a similar
response (59+1%). A CsyTag in both UTRs (C-Gd2-C) reduced the reporter signal
even further down to 3814%. | could also observe a tendency for a stronger effect
when multiple CsyTags are present in the 5’ UTR of the construct. However, there is
no significant difference between 2xC-Gd2 (21£9%), 3xC-Gd2 (16£6%), and 4xC-Gd2
(16+9%). Csy4 WT achieved a significant reduction of reporter signal in all but one
construct down to less than 1%. The wildtype enzyme reduces Gd2-C signal to 43+3%,
suggesting that the removal of the 3’ poly-A tail might be less distressing for mMRNA
stability than the 5> m7G-cap.
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To further improve the effects, | wanted to increase the concentration of imidazole. For
this, | first tested the tolerance of imidazole in our strain of HEK293 cells and found
that concentrations up to 32 mM are well endured regarding cell morphology (Figure
2-27C). | also tested the influence of 32 mM imidazole on the fluorescence signal of
different CsyTag/GFP constructs as well as on mRuby2 (Figure 2-27D). Most
constructs did not show a significant drop in fluorescence when treated with imidazole,
except for Gd2-C and C-Gd2-C. With 85+2% (Gd2-C) and 67+3% (C-Gd2-C) of the
signal achieved by samples without imidazole, these two constructs displayed a certain
sensitivity towards the chemical. Further considering the weak effect of Csy4 WT on
Gd2-C, |, hence, decided not to use constructs with a CsyTag in the 3’ UTR. For the
constructs 1x to 4xC-Gd2, | repeated the experiment above with 32 mM imidazole and
fractioned the mRuby2 positive cells (Q1+Q2) according to the measured GFP-
intensity and displayed the values in a histogram (Figure 2-27E). In agreement with
the results achieved so far, imidazole alone induces a slight shift of the histogram
towards GFP negative cells. C-Gd2 moves this shift even further, followed by the
constructs containing multiple CsyTags in their respective UTR. Again, 2x to 4xC-Gd2
showed similar effects with a tendency for a higher impact on signal reduction, if more
CsyTags are present. Csy4 WT decreased the overall GFP intensity to levels

comparable to GFP negative cells.

Having established the conditions for the CsyTag as a degradation tag for transgenic
mMRNA, | investigated the influence of different imidazole concentrations regarding the
obtained GFP signal. For this, | incubated cells transfected with 1x to 4xC-Gd2 and
Csy4 H29A ANLS with imidazole concentrations between 0 to 32 mM (Figure 2-28A).
Again, constructs with multiple CsyTags (2x to 4xC-Gd2) responded the strongest to
Csy4 cleavage. | observed a gradual drop of signal from 4 mM (2x: 891£5%, 3x: 82+4%,
4x: 92+4%) to 28-32 mM (2x: 8+1%,3x: 9+3%, 4x: 3.2+0.2%), which is significantly
lower than the signal measured at 20 mM (2x: 26+3%, 3x: 13+6%, 4x: 8+2%). C-Gd2
was less sensitive and only started to display a significant GFP signal reduction at 16
mM (80+3%), which concurs with the results obtained so far. The construct achieved
a maximum effect at 32 mM with 39+1% GFP positive cells, which is also significantly
lower than the achieved effect at 20 mM in this experiment (69+3%). However, all
constructs displayed a negative correlation of GFP signal with an increasing
concentration of imidazole. This relationship can be fitted well with a polynomic function
(0.96<R?<0.99, Figure 2-28B).
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In a final experiment, | demonstrated that the reduced reporter signal correlates with
the amount of cellular GFP protein (Figure 2-28C). For this, | extracted total protein
(see chapter 4.3.6) from cells harvested in the titration experiment above (3xC-Gd2)
and analysed 2 ug using SDS-PAGE and Western blotting (see chapter 4.3.7). The
obtained signal of GFP protein decreased with increasing concentrations of imidazole.
At 8 mM this drop in signal became significant, which concurs with the significant drop
in GFP at 16 mM in Figure 2-28A.

In conclusion, | successfully established the CsyTag as a versatile degradation tag for
transgenic mMRNA. | can modulate and fine-tune the titre of MRNA by adding a specific
amount of imidazole to the cell culture. | further showed that the drop of GFP signal
correlates with the amount of protein present in the cells. The results of this chapter

have been compiled in a manuscript which is currently in submission [211].
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Figure 2-28: Titration of imidazole allows defined modulation of transgene expression. A) The
fraction of GFP+ and mRuby2+ HEK293 cells (Q2) of all mRuby2+ cells (Q1+Q2) at different
concentrations of imidazole. Error bars denote the SEM from at least three biological repeats performed
in technical duplicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 *****P < 0.00001, two-sided

t-test. B) Data for 4xC-Gd2 of A) exemplary plotted as a dot plot including a regression curve in the form

of a polynomic function C) Western blot analysis of total protein extracted from 3xC-Gd2/Csy H29A

ANLS samples treated with various concentrations of imidazole. 1°AB: a-GFP IgG (from mouse,
1:2000), a-B-actin (from rabbit, 1:5000), 2°AB: ECL anti-mouse IgG-HRP (1:5000), ECL anti-rabbit 1IgG-
HRP (1:5000). Signal was detected with Western Lightning Plus-ECL. Samples were normalized on

imidazole untreated cells. Error bars denote the SEM from three biological repeats. *P < 0.05, **P <

0.01, two-sided t-test.
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3 Discussion

3.1 EPIC’'RISPR

In the past ten years, epigenetic research has made massive progress in elucidating
the epigenetic network by profiling the transcriptional state of various genes, identifying
epigenetic modifications and determine their localisation within a gene. However, the
associative data provided by this research has not been able to determine the causality
of epigenetic modifications and their functionality in the epigenetic system. The newly
developed methods for epigenetic editing, especially those based on the CRISPR/Cas
system, can introduce or remove single epigenetic marks and precisely perturb the
epigenetic state [162]. The response of the epigenetic network can be analysed by
measuring changes in the transcriptional state (e.g. by RT-qPCR) or the enrichment of
specific modifications (e.g. by chromatin immunoprecipitation (ChIP) or bisulfite
sequencing), which allows us to understand better the causalities behind distinct
epigenetic marks and how they influence the chromatin structure. Shortly before |
started working on this thesis, two groups published a version of the CRISPR/Cas
editing system that utilizes short viral stem-loops in the gRNA scaffold, which can be
recognized and bound by specific binding domains [175,176]. By fusing the desired
EDs to the binding domains, this set-up unites the targeting and recruiting functions in
one molecule, the gRNA. Inspired by this method, | developed the EPIC’RSIPR
platform, a toolbox-system for modular, parallel, and tuneable modulation of gene

expression.

3.1.1 Utilizing a modular toolbox

As emphasised by the studies published prior to the start of this thesis [175,176], using
aptamer/binders instead of direct dCas9-ED fusion constructs increases the modularity
of the editing system by combining recruitment and targeting in the gRNA molecule.
Like this, the system enables a flexible alteration of the target by simply exchanging
the gRNA. However, each gRNA and AB-ED fusion construct still must be cloned
individually, which consumes a lot of time. The EPIC’'RISPR platform utilizes elegant
cloning strategies for both components that allowed my students and me to create
ready-to-use libraries of hundreds of differently modified gRNAs and aptamer binder-

EDs within a few weeks (see chapters 2.2.1 and 2.2.2). From these libraries, one can
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choose any combination of target, binding system and ED and directly transfect the
desired components into the cells, vastly increasing the flexibility and modularity of the

EPIC'RISPR system compared to other aptamer-based editing set-ups.

3.1.2 Parallel modulation of transcription and chromatin imaging

The true strength of aptamer-based CRISPR/Cas editing systems is the extreme
flexibility in multiplexing experiments. Here, | successfully utilized the EPIC’RISPR
system for all three variations of parallel targeting described in Figure 2-11. For
modulating multiple target genes with one ED simultaneously, | first compared the
efficiencies of single gRNAs versus a target-specific mixture of two to eight gRNAs. To
do so, | transiently transfected dCas9, MCP-VPR and either a single MS2-modified
gRNA or an equimolar mixture of all target-specific gRNAs into HEK293 cells. For
ASCL1, LIN28A and CXCR4 the gRNA mixture was at least as efficient as the best
performing single gRNA or achieved even stronger transcriptional activation,
suggesting additive effects when recruiting VPR to multiple positions in the promoter.
In the case of TFRC and EPCAM, however, at least two of the single gRNA
outperformed the respective mixture significantly (P<0.05). Interestingly, for both
targets, there is at least one of single gRNA that caused significant repression of the
target gene (P<0.01), which is rather counter-intuitive as the recruited VPR proofed to
be a powerful transcriptional activator as demonstrated for other gRNAs in this
experiment. However, the respective gRNAs (TFRC: 2 and 5, EPCAM: 6) bind the
target gene in the transcribed region of the promoter (Figure 1-10). Although this is
true for other gRNAs as well, the precise positioning of these three gRNAs might cause
CRISPR interference by sterically blocking the RNA polymerase [150]. Furthermore,
using a mixture of up to eight gRNAs also reduces the total amount of every single

gRNA and consequently, the impact it might have on recruiting the ED to the target.

To keep an optimal ratio between dCas9, AB-ED and aptamer-modified gRNA in a
multiplexing experiment, | could not simply use a larger amount of the respective
gRNAs. | hence chose the two to three most efficient gRNAs for each of the five target
genes and combined them in an equimolar mixture. | transfected cells with this mixture
as well as with dCas9 and the transcriptional modification domains MCP-VPR (Figure
2-12 and Figure 2-13A). The observed efficacies varied strongly depending on the
target gene. Firstly, the efficacies for TFRC and EPCAM were significantly better

(P<0.0001) in the multiplexing experiment than when targeting a single gene with a
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target-specific mixture. For EPCAM, MCP-VPR achieved even stronger activation in
the multiplex experiment than with the best performing single gRNA (P<0.05). These
findings support the hypothesis that CRISPR interference might have been indeed the
reason for the weaker performance of gRNA mixtures containing “repressive” gRNAs,
especially considering that the total amount of EPCAM specific gRNAs is lower in the

multiplexing experiment compared to the set-up with only the best performing gRNA.

Activation of ASCL7 and CXCR4 in the multiplexing experiment was only insignificantly
lower than upregulating both genes individually, although the total amount of target-
specific gRNA was lowered by five-fold. Interestingly, LIN28A activation was about
two-fold less efficient in the multiplexing experiment. Konermann et al. performed a
similar multiplexing experiment for dCas9-ED fusion constructs combined with MS2-
modified gRNAs and other MCP-ED components [175]. The group targeted ten genes
simultaneously, including ASCL7 and LIN28A, and observed a target-dependent
reduction of efficiency when compared to individual editing experiments. While ASCL1
was activated to similar levels as described here, the activation effect on LIN28A was
reduced by approximately one order of magnitude. They further observed this
reduction in seven more genes, while only one target (IL1R2) displayed similar
efficiencies in both single-gene activation and multiplex activation experiment. To
determine whether these effects are due to gRNA dilution or competition for binding
the other two components (dCas9-ED and MCP-ED), the group performed the same
experiment with ten-fold dilutions of the single gRNAs and observed strongly target-
dependent results. Four of the ten target genes were upregulated compared to
undiluted single gRNAs (with ASCL1 displaying the most substantial effect), while six
exhibited lower expression levels (including LIN28A). This suggests that the optimal
concentration of gRNAs, the composition of gRNA mixtures as well as the ratio
between gRNA, dCas9 and AB-ED need to be adjusted individually for each target to
achieve the best effects. In the EPIC’'RISPR multiplexing experiment, all five target
genes were upregulated significantly, qualifying the utilized gRNA composition for
parallel transcriptional activation of the five target genes ASCL1, LIN28A, EPCAM,
CXCR4 and TFRC.

Interestingly, | also observed a general correlation between activation potential by
MCP-VPR and base expression level of the gene (Figure 2-13A). While actively
transcribed genes such as TFRC were only weakly upregulated even by VPR, the more

repressed genes such as ASCL1 and LIN28A responded strongly to transcriptional
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activation. While this is a very plausible finding, it also raises the question of how the
basal expression of a gene influences repression experiments. To address this
question, | repeated the same experiment but recruited the transcriptional repressor
domain KRAB instead (Figure 2-13B). Although all genes were significantly
downregulated (P<0.05), the samples showed a higher deviation between biological
and technical replicates compared to single-target experiments. However, similar as
for activation, repression also seems to be influenced by the basal expression of the
respective gene. While TFRC was downregulated as low as 0.23-fold for one biological
replicate, EPCAM only displayed average repression of 0.7+0.1-fold. Interestingly,
ASCL1 and LIN28A were also strongly repressed in this experiment, although they
generally show a weak base expression level in HEK293 cells. This low base
expression together with the overall high variation in repression experiments suggests
that any analysis of these two genes needs to be evaluated very carefully in the context
of repression. Furthermore, the general efficacies dropped in each gene compared to
the single-target experiments. CXCR4 e.g. was downregulated to 0.7+0.1-fold relative
activity, while in the single-target experiment, KRAB repressed the gene down to
0.41+0.03-fold (Figure 2-10B). In conclusion, the EPIC’RISPR platform is eligible for
significant up- or downregulation of multiple target genes in parallel. It thereby yields
efficiencies that are comparable to values reported in similar but less modular systems
[175].

The next step in multiplexed epigenetic editing is the targeting of multiple genes with
various EDs simultaneously. In this study, | used differently modified gRNAs (gRNA-
MS2, gRNA-PP7, gRNA-5xPBSa) to successfully recruit three transcriptional
modulator constructs (MCP-KRAB, PCP-VPR, PUFa-VPR) to three different genes
(CXCR4, LIN28A, ASCL1) in parallel for effective up- or downregulation, respectively
(Figure 2-14B). | further showed that each construct functions independently at their
desired location without interfering with the transcriptional status of the other two
genes. In the meantime, similar results were presented by three groups [176,179,267]
who each, showed simultaneous activation and/or repression of two endogenous
genes. Considering the extreme modularity of EPIC’'RISPR, especially after including
the PUF domains, which can be easily programmed to bind any desired nucleotide
octamer sequence [269] specifically, the system can potentially be utilized to target
dozens of target genes simultaneously, recruiting distinct epigenetic EDs to each
location. This possibility represents a great advantage of aptamer-based systems over
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classical dCas9-ED fusion constructs. Although it is generally possible to perform this
kind of parallel targeting with dCas9-ED fusions, the respective set-ups are rather
complicated and lack the modularity of EPIC’RISPR. There is a diverse selection of
CRISPR/Cas systems with orthogonal Cas9 proteins which use different gRNA
scaffolds and PAM sequences that can be used for such purposes [268-270].
However, there are two major limitations to this set-up. Firstly, each dCas9 variant
requires the design of a fitting gRNA scaffold, which can be tedious and time-
consuming and represents a strong contrast to the modularity of the EPIC’'RISPR
gRNA library cloning. Secondly, the PAM sequence recognition in mammalian cells,
bacteria or in vitro might differ for each dCas9 protein and, therefore, has to be tested
for each orthologue separately [271]. With the implementation of RNA binding domains
and their respective binding sites in the CRISPR/Cas editing systems, such

multiplexing experiments became far easier to conduct.

| further applied this version of EPIC’'RISPR multiplexing for chromatin imaging by
simultaneously recruiting multiple fluorophores to separate genetic loci (Figure 2-14A).
| used differently modified gRNAs (QRNA-MS2, gRNA-PP7) to successfully direct the
two fluorophore constructs MCP-3xBFP and PCP-3xGFP, respectively, to two
repetitive chromosomal locations in parallel (chromosome 9, telomeres). This
application of the EPIC’'RISPR system will become incredibly valuable for studies that
focus on the visualisation of chromatin organisation as well as the interaction and
dynamics of different chromosomal regions in living cells. After | started this project,
several studies showed the simultaneous recruitment of multiple fluorophores to
different genetic loci as well [179,180,272], emphasising the great need for precise and

parallel chromatin imaging.

One limitation of CRISPR/Cas-based chromatin labelling is signal strength, though. To
visualise a non-repetitive locus in the genome, more than 30 gRNAs are necessary to
be located close to each other [273]. Theoretically, this issue could be solved by adding
multiple binding sites to the gRNA and consequently recruit more fluorophores per
gRNA. In this thesis, | designed a gRNA with five consecutive MS2 aptamers at the 3’
end and tested a potential signal amplification by transcriptional activation of LIN28A.
In this experiment, the target gene was upregulated significantly using MCP-VPR
(41+1-fold, P<0.001). However, the construct achieved only about 30% of the effect of
the standard EPI'RISPR gRNA harbouring one MS2 aptamer. Konermann et al. tried

in the past to utilize multiple binding domains in one gRNAs as well [175]. However,
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they were only successful, when exchanging the internal stem-loop structures of the
gRNA molecules with the respective aptamer. This limits the amplification to three
aptamers in total, if another is added to the 3’ end. Constructs with two aptamers at
the 3’ end did not achieve any upregulation at all in their experimental setup. Although
Zalatan et al. successfully implemented such 2x-aptamer constructs with the two
aptamers being located at the 3’ end of the gRNA, they needed an additional short
sequence at the far 3’ end which folds back on the first aptamer to stabilize the
construct [176]. Nevertheless, the respective constructs achieved a signal amplification
when e.g. two copies of VP64 or p65 were recruited. Very recently, a research group
around Zhang et al. implemented a gRNA with twelve successive MS2 stem-loops at
the 3’ end, trying to achieve signal amplification of an MCP-AID-UGI fusion construct
[274]. Although they were able to achieve significant effects with the 12xMS2-
construct, it always performed worse than the control 2xMS2-gRNA. Due to the self-
complementary nature of the MS2 stem-loop, it might be that gRNAs containing
multiple copies of one stem-loop at the 3’ end have issues with proper folding and thus

with stability.

The PBS/PUF system, on the other hand, does not require self-complementary
sequences for site recognition and hence allows the addition of multiple PBS to the
gRNA'’s 3’ end. In this study, | even utilized 5xPBS repeats, as suggested in the original
publication [179]. The respective group tested the effectiveness of up to 47xPBS-
gRNAs regarding signal amplification but found the 5xPBS version to be the by far
most effective construct in each application. While longer constructs were still able to
induce significant effects, the signals were always lower than 5xPBS-gRNAs.
Interestingly, the solution for this issue of signal amplification seems to lie in the use of
dCas9-ED fusion constructs. Back in 2014, the group around Tanenbaum et al.
described a technique for signal amplification in gene expression and fluorescence
imaging [170]. By fusing multiple copies of epitopes (SunTag) to the C-terminus of
dCas9, they were able to recruit up to 24 copies of scFv-fused fluorophores of EDs to
one target and achieve significant signal amplification. A possible way of implementing
this system to EPIC’RISPR would be to combine an AB domain with the SunTag. Like
this, the established gRNA constructs could be utilized in combination with a system

that has been demonstrated to amplify signal significantly.

The fact that | achieved a significant and robust upregulation with the 5xMS2-gRNA

suggests that EPIC’'RISPR gRNAs are still stable when harbouring multiple copies of
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the same aptamer. The question remains why the achieved effects are weaker. A
possible explanation could be that the proximity of the aptamers sterically hinders the
proper binding of the large MCP-VPR molecule. In chapter 2.4.1, | already showed that
the smaller VP64 was suited better for inducibility experiments where potentially
multiple copies are recruited (compare Figure 2-19C and E). This hypothesis is also
supported by the fact that all successful signal amplification studies have been
performed with VP64 rather than with VPR [170,176]. A logical next step would,
therefore, be to repeat the experiment described in Figure 2-15B with the MCP-VP64
construct, rather than with MCP-VPR.

In a fourth variation of multiplexing, multiple EDs with different functionalities are
recruited to a single genetic location in order to achieve additive or synergistic effects.
Several groups have shown that recruiting fusion constructs of dCas9 with more than
one ED can lead to increased efficiencies in transcription and target gene methylation.
VPR, for example, is a fusion of the three viral transcriptional activators VP64, p65 and
Rta folds [109]. The construct can achieve transcriptional upregulation of several
thousand folds in some genes, outperforming each of the individual effectors. Yeo et
al. demonstrated similar effects for transcriptional repression when they fused the
repression-domain KRAB with Methyl-CpG Binding Protein 2 and dCas9, resulting in
significantly stronger downregulation of several target genes compared to dCas9-
KRAB [169]. The groups around Stepper et al. and Amabile et al. further demonstrated
that a synthetic fusion construct of dCas9 and the DNA methyltransferases DNMT3A
and DNMT3L (dCas9-DNMT3A3L or co-targeting dCas9-DNMT3A and dCas9-
DNMT3L) can introduce de novo methylation in the promoters of three target genes far
more efficiently than dCas9-DNMT3A [103,168]. Furthermore, it has been shown that
co-transfection of PRDM9 and DOT1L can have additive effects on transcriptional
activation [166]. Konermann et al. combined dCas9-VP64 fusion constructs with MS2-
modified gRNAs and co-recruited MCP-p65-HSF1, achieving stronger transcriptional
activation than with either construct alone [175]. Surprisingly, however, very little
research has been conducted that uses multiple aptamer structures or the PBS/PUF
system for synergistic epigenetic editing and the respective groups only suggest this

application as a possibility [179].

Interestingly, multiple studies utilized aptamer- or PBS-modified gRNAs for live-cell
chromatin labelling to co-recruit up to three fluorophores to one locus in the genome

[179,180,251]. To verify that the EPIC’RISPR system is capable of recruiting multiple
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domains to one location, | designed three gRNAs with one to three copies of the
following aptamer cassette: PP7-MS2-boxB. | quipped them with the spacer for
chromosome 9 specific repeats and co-transfected the gRNAs with dCas9, PCP-
3xGFP, MCP-3xBFP and N22p-3xRFP. All gRNAs could efficiently co-localise all three
fluorophores, demonstrating that EPIC'RISPR gRNAs are stable, even with nine
consecutive aptamers. Inspired by these results, | applied the system for epigenetic
editing. By combining a transcriptional activator (VPR) with a very effective DNA
demethylase (mTET3del1), | wanted to achieve a synergistic effect on the
transcriptional status of the EPCAM target gene. However, the gene was only
upregulated marginally higher than with VPR or mTET3del1 alone, and the difference
was not significant. The samples were harvested 5 dpt, instead of 3 dpt, as studies by
other members of our group suggested stronger effects of TET enzymes at later time
points, even though VPR activity already drops 5 dpt. However, analysis of later time
points of the studies conducted by my colleagues revealed that transcriptional
activation by TET peaks much later about 10 dpt. Time-course experiments could
hence potentially give a better insight into possible synergistic effects between co-
recruited EDs. While VPR usually activates a gene quickly, demethylation is more of a
long-term solution for upregulation. Therefore, combining both and analysing the
effects over a longer period might result in interesting observations regarding
epigenetic stability. Another reason for these rather low efficacies could be again the
size of VPR in combination with another ED. Especially as with 339 aa in length,
mTET3del1 is not a small partner. A possible solution for this would be to prepare a
gRNA mix with two differently modified gRNAs which are specific for the same target
but utilize different spacer sequences which are in proximity of each other. Possible
combinations of spacers would be e.g. sg3 and sg4 for TFRC (Figure 1-10) or sg2 and
sg3 for ASCL1 (Figure 1-11).

In conclusion, | here demonstrated that the EPIC’RISPR system is capable of highly
parallel transcriptional modulation of numerous target genes with one or multiple EDs
simultaneously. | showed that EDs targeted to one gene do not interfere with the up-
or downregulation of other target genes. EPIC’RISPR can be used for simultaneous
visualisation of multiple genomic locations, and | was able to co-localize up to three
fluorophores to one target. | also presented evidence for stable and functional gRNAs

modified with nine consecutive aptamers on their 3’ end. | am confident that these
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findings will help to elucidate further the epigenetic network and how various epigenetic

enzymes and molecules synergize.

3.1.3 Inducibility and tuneability of transcription

It is the spatiotemporal coordination of multiple genes and their expression that defines
and modulates cellular phenotypes. While gene expression of single or multiple genes
can be regulated by CRISPR/Cas-based editing systems, the temporal control of these
methods is limited. Unfortunately, this limitation restricts our ability to synthetically
implement expression networks of a higher order which are necessary to fully mimic
cellular pathways that depend on the consecutive and timely limited expression of
specific genes. To address this issue, | developed two ligand-dependent switches for
the EPIC'RISPR system that allow precise modulation of transcription regarding
efficacy and time. The first of these two switches is based on the FRB/FKBP system
and switches the EPIC’RSIRP system ON when rapamycin is added to the cell culture.
The second switch is based on the catalytically inactive Csy4 mutant Csy4 H29A. Its
activity can be rescued by imidazole, which allows to rapidly switch-OFF EPIC’RISPR.
Both systems can be easily fine-tuned by titrating the respective chemical and can

even be combined to create complex logic gate system.
Switch-ON

When we started working on the use of FKBP and FRB for inducible modulation of
endogenous gene expression, no other publication was available that utilized this
system in combination with CRISPR/Cas9. However, during the experimental work,
three other groups published similar systems in HEK293 and HEK293T cells,
respectively. Braun et al. recruited MCP-FKBP and FRB-HP1 to the CXCR4 promoter
using two MS2 stem-loops inside the gRNA scaffold [200]. Bao et al. fused the
dimerization domains to the C-terminus of dCas9 and recruited VPR to four different
genes, including ASCL1 [197]. In a similar approach, Tak et al. combined the
FKBP/FRB system with the CRISPR-associated endonuclease in Prevotella and
Francisella 1 (Cpf1 or Cas12a) and recruited VPR and p65 to the target genes HBB,
AR and NPY1R [198].

To find the optimal set-up for the FKBP/FRB system, we designed fusion constructs of
both dimerization domains with MCP and VPR, respectively, in different orientations
(Figure 2-19A and B). MCP-X and Y-VPR (X and Y being either FKBP, 2xFKBP or
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FRB) were transfected in an equimolar ratio, together with dCas9 and the ASCL1
specific gRNA-MS2 mix described in chapter 2.2.3. The cells were treated with A/C
Heterodimerizer for two days starting 1 dpt, harvested 3 dpt, RNA was isolated,
reverse-transcribed into cDNA and analysed via RT-qPCR. In this experiment, the
combination of MCP-2xFKBP and FRB-VPR achieved the strongest activation of the
ASCL1 target gene (34.1+1.7-fold), which has been observed by Braun et al. as well
for the repression of CXCR4. In the study of Bao et al. combinations using repeating
FKBP molecules (dCas9-2xFKBP and FRB-VPR) also achieved the strongest
activational effects on ASCL1, TTN, RHOXFZ2 and IL1RN. Tak et al. even utilized four
repeats of FKBP and demonstrated increasing effectivity with each additional FKBP
molecule. These results are supported by a study from 2012 in which the authors
suggested that such an orientation would be beneficial [275], as one molecule MCP-
2xFKBP can potentially recruit two molecules of FRB-VPR, while the reverse
orientation can only recruit one molecule of 2xFKBP-VPR. Recruiting multiple EDs
could possibly lead to an amplification of the introduced effects. | illustrated this model
in Figure 2-19B.

Another explanation for stronger effects with 2xFKBP could be that the additional
binding site simply increases the chances of recruiting any VPR. This seems especially
plausible when considering the low maximal activation effect when compared to the
direct MCP-VPR construct (2.8+0.1%). To address this, we titrated the amount of A/C
Heterodimerizer added to the culture medium from 25 to 2000 nM and found 250 nM
to be the optimal concentration, with weaker effects when using higher (>750 nM) or
lower concentrations (<200 nM) of the chemical. This suggests the following model: At
higher concentrations of the chemical, both FKBP and FRB might bind separate
rapamycin molecules which blocks their binding site for the respective another
rapamycin-dimerization domain complex, and consequently leads to inefficient
recruitment of VPR. At low concentrations, on the other hand, there are free, unbound
dimerization domains which deteriorate VPR-recruitment, as well. At the right
concentration, however, all dimerization domains are fully assembled, and optimal
recruitment of VPR can be achieved. Furthermore, the supplier of the A/C

Heterodimerizer states that concentrations of more than 1 uM can be toxic for cultured
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cells?. Lower effects at 2000 nM might, therefore, be explained with toxic effects of the
chemical. However, the optimisation of the A/C Heterodimerizer concentration only
increased the achieved effects to 66+9-fold activation, which represents 3.2+0.5% of
the effect introduced by MCP-VPR. Bao et al. observed comparable peaks with ~50-
fold activation of ASCL1 at 75 nM rapamycin. Interestingly, Braun et al. did not observe
efficiencies that low and even achieved stronger effects with the dimerization system
than with direct MCP-ED fusions when repressing CXCR4. This is a rather counter-
intuitive result considering they detected these strong effects with each permutation of
FKBP and FRB orientation, and even when not using 2xFKBP. The study by Tak et al.
further observed dependency on the selected target gene. When recruiting FRB-VPR
with Cpf1-4xFKBP, the research group was able to upregulate HBB and NPY1R to
about 50% of the effect of Cpf1-VPR, but not the AR target gene, which did not show
any significant activation. Interestingly, when recruiting FRB-p65 in the same manner,
they achieved a strong activation of AR, while observing far weaker effects on HBB
and NPY1R.

As VPR is a rather sizeable multidomain protein and HP1 recruited by Braun et al. is
relatively small, we hypothesized that the size of VPR might sterically hinder the
dimerization process. This would also explain, why Tak et al. saw better effects
compared to the direct fusion for VPR, as the used 4xFKBP offers more space for
multiple VPR molecules. To test this, we recruited the smaller activating subunit VP64
(consisting of 4xVP16) in the same manner to the target gene and achieved up to
4910.1% of the effect of MCP-VP64. As the exact binding characteristics of the
FKBP/FRB system are not fully understood yet [201], we cannot be sure that it is
indeed the size of the ED that determines the efficiency of complex assembly or if some
other characteristics of the recruited molecules contribute in some way. However, the
results obtained by Braun et al., Bao et al. and we suggest that there is at least a

general dependency on the used ED.

Interestingly, the strongest activation with FRB-VP64 was achieved at 150 nM
A/C Heterodimerizer, with similar efficacies ranging from 100 nM to 250 nM, while

2 https://www.takarabio.com/products/gene-function/idimerize-inducible-protein-interaction-

systems/dimerizer-ligands
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FRB-VPR displayed the strongest activation at higher concentrations (200 to 750 nM)
with a peak at 250 nM. Tak et al. utilized the same analogue at concentrations of
500 uM. Although generally achieving more potent effects, the supplier states that this
chemical is only non-toxic to cells at concentrations below 1 yM and recommends a
range of 0.05 to 500 nM for cell culture use. Using the chemical in 1000-fold higher
concentrations than recommended makes the obtained results unreliable, especially
as the group failed to address toxicity at all. Bao et al. used similar concentrations
(100 nM) as we, but of another rapamycin analogue (rapalog, Clontech Laboratories)
with comparable effects on FRB-VPR recruitment. Braun et al., however, treated their
cells with only 3 nM rapamycin (RAP, Selleckchem), suggesting a higher assembly

efficiency when using the natural ligand rapamycin rather than its analogues.

In this thesis, | further demonstrate that the FKBP/FRB-modified EPIC’'RISPR system
can be fine-tuned by altering the concentration of A/C Heterodimerizer. This tuning
effect ranges from 13 to 49% relative activation compared to the direct fusion (MCP-
VP64), allowing tight control of transcriptional modulation. This effect has also been

shown by Tak et al. for Cpf1-based constructs for concentrations of 1 yM to 1 mM.

A more recent study created so-called chemical epigenetic modifiers (CEMSs)
consisting of a rapamycin analogue (FK506) linked to a molecule that interacts with
the endogenous epigenetic machinery [199]. The CEM can be recruited to a target
gene by dCas9-FKBP and recruit various epigenetic players, depending on the
molecule attached to FK506. Although the system shows a certain elegance, the
achieved effects were relatively small compared to e.g. the direct dCas9-VPR

approach (~6%).

Besides the FKBP/FRB system, there are several other possible candidates for drug-
induced dimerization. Bao et al. [197] and Gao et al. [196] recently utilized the
gibberellin (GA)-inducible GID1-GAIl system, to recruit GID1-VPR to multiple target
genes by fusing GAIl with dCas9 with effects of 1.5% to 37% compared to the direct
dCas9-VPR fusion construct when targeting ASCL1 or CD95, respectively. Gao et al.
further implemented the abscisic acid (ABA)-inducible ABI-PYL1 system in the same
way and activated CXCR4 from ~50% to almost 100% of the effect with dCas9-VPR.
Using both systems GA and ABA, they were able to create multiple logic gates
including AND, OR, NAND, and NOR gates, allowing a specific control over

transcriptional modulation.
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Besides chemically induced dimerization, the field of optogenetics offers several other
interesting systems for induced dimerization that could potentially be used for induced
epigenetic editing [188]. The respective dimerization partners assemble upon
exposure to a certain wavelength, allowing a technically elegant modulation of gene
expression. The system most commonly used in the context of epigenetic editing is
cryptochrome 2 (Cry2)-cryptochrome-interacting bHLH (CIB). The system assembles
in the presence of strong blue light (450-488 nm) and disassembles in the dark. It was
already employed for modulation of gene expression with TALE arrays [193,194] when
the CRISPR/Cas9 system was not yet utilized for such applications. Later, Polstein
and Gersbach combined the system with CRISPR/Cas9 and applied it for
transcriptional activation [195]. By fusing one or multiple CIB molecules to the dCas9
N- and C-termini, the group was able to recruit Cry2-VP64 to three target genes,
including HBG1/2, ASCL1 and IL1RN, achieving strongly target-dependent effects.
While HBG1/2 and IL1RN could be activated almost as well as with a direct dCas9-
VP64 fusion construct, the impact on ASCL1 was very poor (~10%). Besides this
variability in achievable effects, the system requires highly energetic light for activation.
This can cause DNA damage and produces free radicals, making the system not ideal
for long term experiments [276]. We tried to include this system in the EPIC’RISPR
platform and used LED boxes with Cry2-CIB-specialised light-cycle settings for
exposure [277]. However, the obtained results were inconclusive, and we observed

severe morphological changes and cell death in our culture (results not shown).

An alternative to Cry2-CIB is the phytochrome B (PhyB)-phytochrome-interacting
factor (PIF) system, which assembles under red light (650 nm), reducing the chance
of light-induced cell damage dramatically [188,190,191]. Interestingly, the heterodimer
stays assembled, even after light exposure, which reduces possible light damage even
further. Upon exposure to far-red light (750 nm), however, PhyB and PIF disassemble
into monomers, allowing an elegant switch from ON to OFF and vice versa with short
exposure times. The system has one disadvantage, though. It also requires
phycocyanobilin as a co-factor for proper assembly that has been shown to modulate
gene expression, limiting the application of the PhyB-PIF system in mammalian cell

culture drastically [278].
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Switch-OFF

While the above-described functional upgrades for EPIC’'RISPR revolve around an
offline status quo of the system which can be switched on by adding the trigger (e.g.
light or a specific chemical), there are relatively limited options for a reverse inducibility
system, which is online until the trigger is added. Here, | established the recognition
site of Csy4 (CsyTag) for the EPIC’'RISPR system to manipulate endogenous gene
expression arbitrarily. In the absence of the trigger chemical imidazole, the system
achieved activation effects comparable to already published constructs when recruiting
VPR (Figure 2-20B) [109]. Co-transfecting Csy4 WT reduced the transcriptional
activation effect to 0.5% (2.6+1.8-fold) compared to the uninduced state. This already
represents a NOT gate-like switch-OFF functionality for CRISPR/Cas9-mediated
epigenetic editing. Furthermore, comparable results can be obtained by co-transfecting
Csy4 H29A and imidazole (4.7% compared to uninduced, 18+0.5-fold) in a dose-
dependent manner (Figure 2-20D). This enables arbitrary and highly predictable
manipulation of transcription within five minutes by the addition of a simple chemical to
the cell culture. However, the system has to be benchmarked for each desired ED and

cell type.

The catalytic activity of HNH family enzymes in which the H of the active centre is
altered to G can be rescued in the same way as H to A mutants by adding imidazole,
with even higher efficiencies [256]. | hence also tested a Csy4 H29G mutant which
displayed a ~2-fold lower sensitivity towards imidazole than Csy4 H29A, yet still
reduced the activational effect to 10.4% compared to uninduced (31+5-fold). The
catalytic centres of Csy4 and enzymes of the HNH family are not identical. The
dissolved imidazole might be more likely to assume the position of the imidazole ring
from H when the additional methyl group of A is present in the context of the Csy4
catalytic centre. Both Csy4 mutants displayed similar transfection efficiencies, and they
are regulated by the same promoter. Different expression levels can hence be

excluded as a potential reason for the weaker effects of Csy4 H29G.
Variations and combination

During the experimental work on this project, a group around Ferry et al. published a
study in which they employ CsyTag for a switch-ON functionality for epigenetic editing
with CRISPR/Cas9 [279]. In this Study, CsyTag is utilized as a linker that connects the
5" end of the gRNA with a sequence, complementary to the spacer. During the initial
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status quo, the spacer-complementary sequence can fold back onto the spacer and
form a double-stranded RNA by Watson-Crick-base pairing. This conformation
physically blocks the assembly of the gRNA/dCas9 complex. After cleavage of CsyTag
with Csy4 WT, the spacer-complementary RNA strand is released. The matured gRNA
can then bind dCas9 and recruit the complex to the target location in the genome.
Theoretically, this system should respond similarly to imidazole-induced cleavage with
Csy4 H29A. If this is true, this ON-switch could be combined with the switch-OFF
functionality for CsyTag presented here in this thesis to simultaneously alter the
transcriptional state of multiple target genes in different directions (Figure 3-1A). Gene
A could be activated by MCP-VPR recruitment using A-specific gRNA that contains
CsyTag as described in this thesis (A gRNA-CsyTag-MS2, Figure 3-1A upper panel),
while gene B would not be targeted by a B-specific gRNA built as described by Ferry
et al. [279] with a CsyTag-linked B-complementary (cB) sequence blocking the spacer
(cB-CsyTag-sgRNA-MS2, Figure 3-1A lower panel). Upon imidazole induced cleavage
of the CsyTag sequences, the effects would be reversed: AgRNA would still target gene
A but not recruit MCP-VPR anymore, removing the initial activation effect. sgRNA-

MS2, on the other hand, can assemble with dCas9 and recruit the effector to gene B.

In another variation, Ferry’s CsyTag application could be combined with the FRB/FKBP
system described above to create an AND gate functionality, where epigenetic editing
only occurs in the presence of rapamycin and imidazole (Figure 3-1B). This system
could be used in parallel to the application described in Figure 3-1A, or the basic
FRB/FKBP EPIC’RISPR system to induce editing at different time points. Furthermore,
combining the EPIC’RISPR switch-ON (FRB/FKBP) and -OFF (CsyTag) functionalities
in one molecule could allow the precise start and shut-down of editing by adding either
chemical (Figure 3-1C). Like this, complex AND/NOT gate-networks and other logic
gate systems could be employed to modulate the transcriptional landscape of a target
cell in novel ways. This could be especially interesting for stimulating the transcription
of genes which are consecutively expressed in nature like certain developmental
genes. Simulating native master triggers like this could encourage the cells to pursue
large-scale biological pathways such as cell differentiation.

To go even further, dCas9 could also be modified with a self-excising degron structure
[280]. In such a scenario, this small molecule—assisted shutoff (SMASh) called protein
tag would be fused to the dCas9 C-terminus via an HCV NS3 protease-recognition

site. The SMASh-tag harbours an internal protease which cleaves off the linker after
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folding. The tag is then processed by the proteasome due to its degron structure.
Adding a protease inhibitor can avoid SMASh-tag removal and hence facilitates the
degradation of the fused protein as well. Like this, the amount of present dCas9 in the
cell could be easily controlled and would allow the construction of even more complex
logic gate arrangements. During my master thesis, | developed weaker degron
variations to reduce the premature degradation of the fusion protein before the
SMASh-tag is released [281]. Although these variants were initially designed to
stabilise influenza viruses carrying SMASh-tag modified polymerases, they could be
especially crucial for EPIC’RISPR based editing, where the ratio between the different

components, including dCas?9, is crucial for the efficiency of the system.

Furthermore, the here presented system could potentially be utilized for visual tracking
and reversion of epigenetic editing. If used in a gRNA with two or more aptamers, a
fluorophore, as well as an ED, can be recruited to distinct genetic locations
simultaneously and monitored in live-cell imaging. Upon imidazole addition, the
CsyTag could be cleaved, and the recruitment complex would disassemble. If
requested, even the reassembly time of the complexes could theoretically be

determined after washing out remaining imidazole.

The main advantage of CsyTag is its versatility. It has many more possible applications
from which some were investigated in this thesis, and they will be discussed in
chapter 3.2. In conclusion, the results shown in this study demonstrate that the catalytic
activity of Csy4 H mutants can be rescued by imidazole in an in vivo set-up, and more
importantly, that it can be fine-tuned and adjusted in a dose-dependent manner.
CsyTag adds new functionalities to the EPIC’RISPR platform and theoretically other
CRISPR/Ca9 based editing system. Utilizing CsyTag as an OFF-switch in this context
offers a fresh perspective compared to other inducible systems that focus on switch-
ON functionalities, which all usually work on the protein level. CsyTag hence opens up
a new way of approaching dose-sensitive scientific problems. The system allows the
design of epigenetic modulation networks for potentially modulating complete
biochemical pathways or even cell differentiation. The results discussed in this chapter

are part of a written manuscript which is currently in submission [211].
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Figure 3-1: Schematic representation of ligand controlled epigenetic logic gates. A) Upper panel:
switch-OFF functionality (NOR gate) of the EPIC’RISPR system allows epigenetic modification until
imidazole is added. Lower panel: switch-ON functionality employed by Ferry et al. [279] can be used to
start epigenetic alteration upon imidazole addition. B) Combining the FRB/FKBP EPIC'RISPR switch-
ON functionality with the switch-ON by Ferry et al. allows transcriptional modulation only in the presence
of both rapamycin and imidazole. Depending on the chosen ED this system creates AND or NOR gates
C) EPIC’'RISPR switch-ON (FRB/FKBP) and -OFF (CsyTag) in one gRNA allows the combination of
AND and NOT operations.

3.1.4 Probing the epigenetic code

To investigate the functionalities of a broad range of epigenetic molecules, | utilized
the EPIC’'RISPR system to recruit more than 60 different EDs to the promoter of five
genes simultaneously and then monitored the changes in their transcriptional states.
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In this chapter, | will discuss the most striking results of this experiment in regards to
transcriptional activation and repression and, based on these results, suggest potential

candidates for synergistic co-targeting.
Transcriptional activation

One of the most interesting effects in this experiment was achieved by the HKDM
KDM2B and its F-box domain. The full-length KDM2B protein is a known demethylase
which demethylates both H3K4me3 and H3K36me3, respectively, and is therefore
associated with transcriptional repression. Additionally, KDM2B has been shown to
interact with the PRC1 complex [282,283] and H3K79 demethylation [284], further
suggesting a role in downregulating transcription. Here, both EDs were able to weakly
repress TFRC and EPCAM, while LIN28A and ASCL1 were both upregulated
significantly. KDM2B F-box increased LIN28A transcription by 10.3+2.2-fold, which
represents the strongest effect on transcription modulation of any ED in this experiment
except for VPR. ASCL1, on the other hand, was upregulated 4.7+0.8-fold. This
increase is still among the strongest effects observed in this experiment, yet far lower
compared to VPR in the same set-up (169+19-fold). The F-box motif itself does not
exhibit any demethylation activity. However, it is present in a broad range of proteins
where it usually facilitates complex formation by protein-protein interaction. These
complexes can be involved in ubiquitination (SCF E3 complex), translational
repression (FOG-2/GLD-1) but also transcription elongation (Elongin Sl complex)
[285]. It is, therefore, hard to predict how F-box recruitment influences the
transcriptional state of a gene and it might be dependent on other factors present in
proximity to the target regions. As the upregulation only occurred in two genes with the
lowest expression levels, the recruitment of any larger protein complex by the F-box
domain might open the chromatin structure to an extent that the transcription
machinery gains access to the otherwise densely packaged area. Alternatively, this
result could suggest an unknown role of H3K36 methylation in the repression of
LIN28A. This hypothesis is supported by the observation that other H3K36 DMTs,
namely KDM2A and KDM4A, achieve similar results on this target gene. Interestingly,
LIN28A was the only target whose transcription these two enzymes were able to

significantly influence.

Another relatively strong activator in this experiment was KAT8 (MYST1), which
upregulated ASCL1 by 5.4+1.2-fold. In contrast to histone methylation, which usually

112



interacts with a row of other factors to promote or repress transcription, acetylation
directly influences the chromatin structure and enables the transcription machinery to
access the promoter. It, therefore, comes to no surprise that an acetyltransferase is
amongst the strongest activators of the investigated EDs. Interestingly, KAT8 was not
able to upregulate TFRC, EPCAM or LIN28A, suggesting some sort of crosstalk
between KAT8 and local modifications. Considering ASCL1 is by far the most
repressed gene, KAT8 might be involved in the early stages of transcriptional activation
of strongly repressed genes. However, further experiments are necessary to evaluate

this possibility.

KAT3B or p300 is one of the few EDs which showed a relatively consistent effect on
transcription, independent of the target it was recruited to. The known HAT significantly
upregulated CXCR4, LIN28A and ASCL1 to 1.8+0.1- to 2.8+1.0-fold and mildly
increased the transcription of TFRC and EPCAM. In contrast to most other EDs in this
experiment, KAT3B has already been used for transcriptional modulation in a study by
Hilton et al. utilizing a dCas9 fusion construct [163]. In accordance with the results in
my experiment, the group reported transcriptional activation in each target gene
(ILTRN, MYOD, OCT4), suggesting a relatively unspecific acetylation functionality of
KAT3B.

PRDM2 is another example of a relatively consistent transcriptional activator. When
recruited, it upregulated all targets at least to some degree, except for EPCAM on
which it did not have any significant effect. The strongest activation was achieved with
LIN28A, which was upregulated by 4.2+0.2-fold. Although being an H3K9-specific MT,
PRDMZ2 is suspected of acting as a transcription factor. By binding to the macrophage-
specific TPA-responsive element of the heme oxygenase 1 gene, it might play a role
in transcriptional activation, which supports the findings in this thesis [286]. However,
to elucidate the exact mechanisms of PRDM2 mediated transcriptional upregulation,

more research has to be conducted.
Transcriptional repression

SETD1B achieved one of the strongest repressive effects in this experiment. The ED
downregulated ASCL1 to 0.410.1-fold transcriptional activity, which is similar to the
effects achieved by the transcriptional repressor KRAB. Although SETD1B is a known
H3K4-specific MT which suggests a role in promoting or maintaining transcriptional
activation, the enzyme can only perform H4K4 methylation if the corresponding H3K9
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residue is unmethylated [257]. Due to the major role of H3K9me3 in maintaining low
transcription profiles, it is therefore unlikely for SETD1B to induce transcription in a
gene with such a low base expression level as ASCL1. This is supported by the fact
that SETD1B was able to upregulate the expression of genes with a higher base
expression such as CXCR4, EPCAM and LIN28A. However, it is not clear how the ED
can repress the already weakly transcribed target ASCL1 even further. Although the
deviation among the analysed samples was rather low (SEM = 0.05, n = 6), the low
base expression of ASCL1 complicates the analysis of repression experiments.
Especially in cases like this, more experiments are required to determine the
modification state of the gene regarding typical repressive histone modifications as
well as DNA methylation profiles. Nevertheless, the repression effect exhibited by
SETD1B is even stronger than what KRAB was able to achieve on the same gene
(0.6+0.1-fold).

KDMS5A, 5B and 5C are JARID family HKDMs and catalyse the removal of H3K4
methylation [287]. As such, these enzymes are usually associated with transcriptional
repression, which concurs with the results obtained in this experiment. All three
significantly repressed TFRC (0.61£0.03- to 0.7+0.1-fold) and KDM5A, as well as 5C,
downregulated EPCAM, too (0.6£0.2- to 0.79%0.04-fold). The already very weakly
expressed LIN28A and ASCL1, however, were not affected by any of the HKDMs,
which is not surprising, as both genes should have low or no levels of H3K4me3 in
their associated nucleosomes. As mentioned in chapter 2.5, it is an interesting
observation that despite their similar base expression levels, EPCAM and LIN28A
show very different behaviour towards certain EDs, suggesting separate underlying
programming mechanisms for both genes. To define these programs, it would be
necessary to determine the methylation state of the gene as well as present histone

modifications.

As the acetylation of histone plays a crucial role in chromatin structure, | also
investigated the effects of HDACs on transcription. As discussed for KATs, by
shrouding the positive charge of the lysine residue histone acetylation represents a far
simpler mechanism than most methylation marks, which often depend on whole protein
complexes to influence transcription. It hence comes to no surprise that most of the
HDACSs are among the strongest repressive EDs in this set-up. Both catalytic domains
of HDACG significantly downregulated TFRC (CD1: 0.76+0.01-fold, CD2: 0.69+0.01-

fold) and EPCAM (CD1: 0.7+0.1-fold, CD2: 0.87+0.04-fold). CD1 even repressed
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ASCL1 to 0.38+0.07-fold, which represents one of the strongest repressor domains for
this gene. The strongest repressive effect of any ED in this experiment, however, was
achieved by HDAC7, which reduced ASCL1 expression to 0.27+0.08-fold. Although
repression by deacetylation is plausible, it is not expected from histones located in the
ASCL1 gene to contain many acetyl-marks. ChlP analysis of the respective promoter
region would be of great benefit to explain these effects. Nevertheless, the
observations regarding transcriptional repression by HDACs correlates with studies

presented by other groups [288,289].
Variable effects

KDM1A or LSD1 can demethylate H3K4 and H3K9 and as such exhibits repressive or
activational function, depending on the context [43,290,291]. In this experiment, it was
able to upregulate LIN28A significantly by 4.8+0.6-fold and simultaneously repress
ASCL1 down to 0.7+0.1-fold activity, demonstrating the extreme versatility of this
epigenetic effector molecule. The repressive effect on ASCL1 is comparable to what |
achieved by recruiting KRAB with the EPIC’'RSIPR system (0.6+0.1-fold), and the
activation of LIN28A is among the strongest upregulating effects in this experiment. A
study performed by Kearns et al. utilized a dCas9-LSD1 fusion construct and recruited
it to the promoter of Tbx3 [167]. In their set-up, the ED achieved strong repression of
the target gene, which was also comparable to their dCas9-KRAB construct,
supporting the observations | made in my experiment. Although many investigations
on the function of KDM1A have been conducted, the complexity of this ED is still not
fully understood, and | could not find another study showing transcriptional activation

by epigenetic editing with KDM1A.

DOT1L (KMT4) is the only known HKMT to methylate H3K79, as DOT1L knock-out
cells show global loss of H3K79me1, me2 and me3 [292,293]. DOT1L deficient mouse
embryos are not able to survive, and they show symptoms of aneuploidy, telomere
elongation and alterations in heterochromatin formation [293]. Aberrant H3K79
methylation in known tumour suppressor genes further plays an important role in
leukaemia formation [294,295]. Additionally, converting the methylation states from
me1 to me3 positively correlates with increasing transcriptional activity [292], further
associating DOT1L with active transcription. Interestingly, in this thesis, DOT1L
recruitment displayed rather ambiguous effects in the targeted loci. While it only slightly
upregulated LIN28A (2.0+0.4-fold), CXCR4 (1.6+0.3-fold) and ASCL1 (1.4+0.3-fold),
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the enzyme repressed the transcription of TFRC (0.81+0.03-fold) and EPCAM
(0.69+0.07-fold) significantly. In accordance with these results, a study by Steger et al.
demonstrated that increased H3K79 methylation does not always correlate with
increased mMRNA levels [292]. However, researchers around Cano-Rodriguez et al.
recruited dCas9-DOT1L to the promoters of EPCAM and PLODZ2 and achieved weak
upregulation of both genes by about 1.5- to 3-fold 2 dpt [166], which contradicts the
results in my experiment. The repression of EPCAM with DOT1L is as strong as with
the KRAB control (0.63+0.10-fold) in the EPIC’'RSIPR set-up. Six independent samples
varied from 0.48 and 0.87, suggesting good reliability of the results. One major
difference between Cano-Rodriguez’'s and my experiments are the used gRNAs.
Although both set-ups target the promoter region, different spacer sequences were
utilized (compare Supplementary Data Table 0-1 and [219]), which might influence the

results.

3.1.5 Outlook

While the parallel modulation of endogenous gene expression provides valuable
knowledge about the functionality of the recruited EDs, analysing the transcriptional
state of a gene before and after perturbation does not answer the question of how
these EDs achieve their respective effects. Unfortunately, | was not able to obtain more
data with other techniques due to time limitations caused by the recent COVID-19
pandemic. | initially planned to employ ChIP to determine the composition and
alteration of histone marks. Analysing which modifications are present at a specific
locus and how effector recruitment changes their composition would be invaluable for
understanding how a gene is regulated and how the respective effector influences this
regulation. This would be especially interesting for gene pairs like LIN28A and EPCAM,
which show similar expression levels yet different behaviour towards perturbation.
Besides the analysis of the histone code, it would be very beneficial to investigate the
DNA methylation state as this mark is essential for transcriptional regulation. Bisulfite
sequencing is a state of the art technology to determine the methylation status of a
DNA sequence efficiently and if or how it changes after perturbation. The combined
data from transcription states, histone modifications and DNA methylation would allow
us to understand the regulatory program behind the expression of an individual gene.

This would potentially enable us to find the best ED or ED combinations to efficiently
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reprogram the respective gene and, using multiplexed epigenetic editing, and maybe

even whole cells.
Open questions

Some EDs tested in the large scale experiment in chapter 2.5 did not affect target
expression significantly, which can have several possible reasons. Firstly, the
respective ED might be functionally inactive. All constructs used in this thesis are either
based on full-length proteins or functional subunits for which crystal structures are
provided online [39,212]. Although these domains should be functional, it might be that
fusing them to the AB causes sterical issues or problems with proper folding. To
determine that all constructs are expressed properly, total protein could be extracted
from transfected cells which can then be validated by SDS-PAGE and Western blotting
(see chapter 4.3.7). This was initially done for the controls (VPR, KRAB, dCas9), but
not yet for all of the EDs. A second explanation would be, that the respective domains
are active and functional, but the introduced mark does not cause a change in
transcription, a hypothesis which was recently published for histone methylation [296].
To investigate this possibility, ChlP data could help clarify if the respective enzyme
even modifies the histone code as suspected. A third explanation was discussed in
detail for specific domains already (see chapter 2.5). Some epigenetic molecules have
a strong substrate specificity and might not modify the respective histones if said
substrate is not present. Other EDs might be blocked by antagonistic marks, preventing
them from introducing any effect. ChlP data would here as well offer a valuable insight
into how these molecules function and help to determine optimal ED/target
combinations. Additionally, as discussed in chapter 3.1.2, depending on the respective
functionality, each ED might require different amounts of time to achieve significant
effects on transcription (e.g. VPR versus mTET3del1). It would hence be necessary to
perform time-course experiments for each recruited ED to determine the exact extent

of their capabilities and functionalities.
Epigenetic stability and additive or synergistic effects

Altering the epigenetic state of a gene does not necessarily mean that this change is
stable. | demonstrated in this thesis for EPCAM that VPR-induced activation quickly
decreases between 3 dpt (24+2-fold) and 5 dpt (3.31£0.4-fold). Observing only a single
time point does hence not yield any information about the stability of the underlying
marks. Several groups have investigated the stability of epigenetic modifications with

117



contradicting results [166,168,171,172]. It would be invaluable for our understanding
of the epigenetic code to determine under which conditions and what context a specific
epigenetic modification is stable and how it can be altered. To do so, large-scale time-
course experiments would be necessary to test the influence of dozens of EDs or ED
combinations at several time points. EPIC’RISPR would be a perfectly suited tool for

such experiments.

Recruiting VPR to a repressed gene, completely overrides its transcriptional
programming and forces the target to be strongly overexpressed. Interestingly, none
of the more than 60 recruited EDs achieved similar results in this experiment, although
almost all of them have been shown to exhibit epigenetic editing capabilities. Even the
strongest effect achieved by any of the recruited EDs in this experiment was at least
about three times lower than the effect of VPR on the respective target gene (10+2-
fold compared to 35+5-fold by KDM2B F-box on LIN28A). This finding suggests certain
robustness or stability of the epigenetic program. It would indeed be fatal for a cell if
an epigenetic modifier could alter the transcriptional programming of a nearby gene
simply by being accidentally mistargeted. This hypothesis is supported by a study
which demonstrates that at least histone methylation is not sufficient for target gene
repression [296]. VPR, on the other hand, is a synthetic construct which consists of
three independent transcriptional activator domains (VP64, p65 and Rta). It achieves
far stronger effects than any of the singular domains it consists of by completely
overwriting the epigenetic code [109]. This kind of synergistic behaviour has been
observed in several other cases by various fusion constructs [103,168,169] or co-
recruitment of EDs [166,175] and has been discussed in detail in chapter 3.1.2. The
data obtained in this thesis revealed efficient transcriptional modifiers from each group
of the for investigated epigenetic modifier families: HKMTs, HKDMs, HATs and
HDACSs. This data set constitutes a strong basis of information which can be used to
identify the most interesting and promising candidates for co-recruitment experiments.
The co-recruitment of EDs that showed similar effects on the transcriptional state of

the same target could potentially result in additive activational or repressive effects.

For more effective activation, the surprising and strong activation effects of the KDM2B
F-box domain on LIN28A could be combined with KAT3B, which also activated the
gene significantly. Both EDs follow completely different mechanisms to achieve this
effect. While KAT3B acetylates lysine residues and hence opens up the chromatin, the

F-box domain recruits large complexes which might be involved in transcriptional
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elongation. These two mechanisms display great potential for combined effects.
Depending on the context, KDM1A could further be utilized as a third domain to
demethylate H3K9me2, potentially allowing the activation of heterochromatic regions.
Even though KDM6A and KDMG6B did not show significant effects on their own,
removing H3K27me3 and hence polycomb repression could lead to interesting
combinatorial effects with the other mentioned domains. Furthermore, PRDM2
displayed transcriptional activation potential for four of the five targeted genes. Its
possible function as a transcription factor makes it an interesting candidate to be
combined with the other positive regulators described in this paragraph. Finally,
combining KDM2B F-box with KDM2A and KDM4A on LIN28A could lead to an even
stronger activation, if H3K36me was indeed involved in the repression of this gene.
While KDM4A catalyses the removal H3K36me3, KDM2B is specific for H3K36me2
and KDM2A for H3K36me1. Combined, the three HKDMs could consecutively prepare

the optimal substrate for each other.

Another interesting ED-combination would be KDM5A-5C with HDAC7.
Simultaneously removing the H3K4me3 mark and acetyl groups from the promoter
region of an active target gene could potentially be far more effective than eliminating
only one type of modification. These effects might be enhanced even further by also
adding KDM8, which can remove H3K9me1, a mark associated with active

transcription.
Epigenetic research and medicine

Modern epigenetic research usually utilizes cell- or tissue culture experiments to
determine epigenetic changes in a cell population. Although this approach offers great
reliability as it includes stochastic differences in the respective population, recent
advancements in single-cell analysis could potentially allow us to investigate the

distinct effects of epigenetic editing from a new perspective [297].

Dysregulation of the epigenetic code and hence gene expression can lead to
pathological phenotypes, potentially causing a great variety of diseases, including
various cancer types [298]. Due to our lack of knowledge about the exact causalities,
epigenetic drugs usually target a broad range of effectors, typically inhibiting whole
enzyme classes or domains associated with the respective dysregulated mark [299].
Additionally, these drugs are typically not localized but rather systemic and therefore
influence the whole organism. Logically, this can lead to a broad range of severe side-
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effects. A deeper understanding of the epigenetic system will hence be crucial for

developing specific epigenetic drugs.

3.1.6 Conclusion

EPIC’'RSIPR represents a powerful tool for functional synthetic epigenetics. Utilizing
the platform’s incredible modularity, | created libraries of more than one hundred
modified gRNAs and EDs. | then used the components of these libraries for highly
parallel epigenetic editing and chromatin imaging in several distinct ways. Firstly, |
successfully recruited one ED to five genetic promoter regions simultaneously and
significantly up- or downregulated the transcription of the respective genes. Secondly,
| demonstrated the modulation of the transcriptional states of three genes in parallel
using different EDs. | further showed that the employed EDs are only modulating their
assigned target gene. Thirdly, | efficiently recruited three different fluorophores to the
same genomic location using three differently modified gRNAs. Although | was not able
to successfully modify transcription with these constructs, | confirmed that EPIC’RISPR
gRNAs are stable with up to nine aptamers at their 3’ end, while other groups struggle
to stabilize gRNAs with more than two. | further introduced the functionality of
inducibility to the EPIC'RISPR platform. Utilizing ligand-dependent dimerization of
FKBP and FRB, | created a tuneable ON-switch which allows modulation of
transcription between 0% and 45% compared to the respective uninducible
EPIC'RISPR construct. | also designed an OFF-switch by employing the nuclease
deficient Csy4 H29A mutant, which can be reactivated using imidazole. This switch
allows transcriptional modulation between 5% and 100% compared to the uninduced
state in a matter of minutes. All these functionalities make EPIC’RISPR extremely
versatile in its applications, which distinguishes the platform from other published
epigenetic editing tools. To demonstrate how easily the system can be applied, |
performed a large-scale experiment in which | perturbed the transcription of five
differently expressed genes with more than 60 different epigenetic enzymes or
domains. This experiment yielded valuable knowledge about the functionality of each
of the recruited EDs and suggested interesting hypotheses about the functionality of
some epigenetic marks and regulatory mechanisms. Besides the effects discussed in

detail in chapter 3.1.4, the experiment allowed four major conclusions:
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1. The majority of the single EDs tested in this thesis can significantly change the
transcriptional state of a gene 3 dpt, however, not to an extent as achieved by
synthetic transcriptional modulators which completely overwrite the epigenetic
program (e.g. VPR).

2. The transcriptional state of a gene negatively correlates with its potential for
being activated by transcriptional modulators (e.g. VPR). This means that a
repressed gene can be activated far stronger compared to its base expression
level than an already active gene.

3. The base expression level of a gene does not predetermine the general effect
of an epigenetic ED on its transcriptional state, suggesting different
mechanisms of epigenetic regulation that cause a similar transcriptional state
(EPCAM versus LIN28A).

4. One epigenetic ED might facilitate transcriptional activation and repression on
different targets simultaneously, depending on the context, even though the
respective domain has so far only been associated with either up- or

downregulation (e.g. KDM2B F-box).

As many of the recruited EDs exhibited other effects on transcription than anticipated,
it is very hard to draw direct conclusions for each effector molecule individually without
more information. Our libraries contain several enzyme classes including arginine
methyltransferases, arginine deaminases, poly(ADP-ribosyl)transferases, kinases,
phosphatases and ubiquitinases, which yet need to be analysed in a similar
experiment. | am confident that another large-scale set-up to investigate the
functionalities of these epigenetic modifiers will yield interesting observations and allow
conclusions about the regulatory mechanisms behind the respective transcriptional
states. The here performed large-scale experiment demonstrated the impressive
potential of the EPIC’RISPR platform, especially considering that this is only one of its

possible applications.
3.2 CsyTag for transgene expression control

3.2.1 Scientific context

The applications of CsyTag and the imidazole inducible H29A mutant of Csy4 are not

limited to controlling endogenous gene expression via the EPIC’RISPR system or other
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CRISPR/Cas9-based methods [279]. The system has also been established for the
analysis of in vitro RNA-protein interaction [210], and, in accordance with the results in
this thesis, as a degradation tag for transgene control [205,206,300]. For the latter,
CsyTag is implemented in the 5 UTR of transiently transfected reporter constructs,
which allows the Csy4-mediated cleavage of the 5° m7G-cap. Most similar to the set-
up in this thesis is hereby the study conducted by Borchardt et al. [206]. In contrast to
their results, | was able to reduce the reporter signal to undetectable levels using
confocal fluorescence imaging, when cleaving CsyTag with Csy4 WT. Borchardt et al.
achieved similar results only when implementing CsyTag in-frame right after the AUG
start codon, but not when it was placed in the 5 UTR where it does not interfere with
the coding part of the transgene. However, both studies use different reporter systems
to quantify their effects. While Borchardt et al. utilize a Gaussia luciferase reporter
construct, | determined GFP signals using FACS analysis. When using Csy4 WT, | was
able to reduce the reporter signal to 0.5% GFP-positive cells, which corresponds to a
reduction down to 1.6% compared to Csy4-untreated cells. In comparison, Borchardt
et al. achieved signal reductions to 2.7% to 4.2% (~24-fold to ~37-fold decrease),
respectively, which are relatively similar results considering that both studies were
conducted using different reporter systems under the control of different promoters
(CBA and pCAG) that might cause different expression levels. Furthermore, both
Borchardt et al. and | demonstrated that removing the 3’ poly-A tail by introducing
CsyTag in the 3’ UTR is less effective and yields a lower signal reduction. As the 5’
m7G-cap is essential for binding the translation initiation factor elF4E to the mRNA
[207], removing the cap might actively prohibit an effective translation, while mRNA
without 3’ poly-A tail might still be translated. Furthermore, the orientation of CsyTag
might play a crucial role. The cleavage of CsyTag occurs on the lower 3’ end of the
stem-loop (Figure 2-26A), allowing Csy4 to stay bound to the upstream loop-
sequence. This means that the 3’ end of a reporter lacking the 3’ poly-A might still

harbour Csy4 which could sterically prevent degradation by exonucleases.

In contrast to other studies that use CsyTag as a tag for transgene expression control,
| was further able to modulate and fine-tune the achieved signal reduction effects by
rescuing the activity of a Csy4 H29A mutant with imidazole. Using various
concentrations of this chemical, | decreased the reporter signal down to 39t1%
(32 mM) of the initial signal in a dose-dependent manner. | also demonstrate that

multiple CsyTag sequences in the 5" UTR amplify the achieved reduction. Using four
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CsyTags, | reduced the GFP signal to 3.2+0.2% (~31-fold decrease) compared to
untreated cells, which is similar to the effects | observed with Csy4 WT (1.6%) and
what Borchardt et al. reported for their Csy4 wildtype construct. Additionally, | could
modulate expression levels in a dose-dependent manner in four different constructs
(1x to 4xC-Gd2).

3.2.2 Outlook

Theoretically, CsyTag could also be applied to the EPIC’RISPR system. If integrated
into the UTR of the plasmids of dCas9, gRNA and/or ED, the respective components
could be turned-off on the mRNA level. Consequently, the expression of the
endogenous target would be influenced, as well. However, digesting freshly
synthesized mRNA does not shut down the already expressed components. The
system would still be functional until the respective molecules degrade over time. To
control endogenous gene expression, it is hence more efficient to utilize CsyTag
directly in the gRNA, where the EPIC’'RISPR system can be turned off within 5 min
(see chapter 2.4.2).

Expression control of transgenes is usually conducted with inducible promoter systems
[301-303]. Nature developed a great variety of such regulatory systems that allow
positive and negative feedback loops as well as logic gate systems in vivo [2,304—-306].
These systems, however, typically require multiple and sometimes large components
while CsyTag is a small, 28 nt long sequence that can be easily inserted in most RNA
molecules without interfering with protein expression before induction. Furthermore,
promoter-based control of gene expression cannot remove already transcribed mRNA,
which leads to a slower trigger response of the system. One other regulatory system
that utilizes RNA degradation is RNA interference [307], which could be a viable
alternative to the CsyTag system as it does not require any alteration of the desired
construct, and ligand-regulated versions that can be tuned exist as well [308]. Another
alternative which works on the protein level, however, could be a furin cleavage site
[309]. It allows an amino acid sequence-specific cleavage of the reporter protein by the

endoprotease furin.
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3.2.3 Conclusion

The major advantage of CsyTag over most control systems described in chapter 3.2.2
is its versatility. In this thesis, | demonstrate its applicability in expression control of
transgenes and endogenous genes and show dose-dependent fine-tuning in both
cases. Furthermore, | apply the system for reversible chromatin labelling and show the
quick response time of fewer than five minutes. In conclusion, CsyTag and the
imidazole-inducible Csy4 H29A can be considered as a valuable addition to already
existing techniques which allows dose-dependent effect modulation. The results of this

project are part of a publication which is currently in submission [211].

3.3 Bio-On-Magnetic-Beads (BOMB)

Epigenetic research is notorious for its high sample count, which makes it challenging
for small groups with low funding to compete in this field. The costs and time that need
to be invested are simply not feasible for many laboratories. With the development of
the BOMB platform, we negated these disadvantages and made any nucleic acid-
based research affordable for anyone. In this chapter, | will discuss in detail the benefits
that BOMB provides, present the research it has already impacted and debate possible

future improvements and possibilities for the platform.

3.3.1 Benefits of BOMB
Time

The main reason for us to develop the BOMB platform was the immediate need to
process huge numbers of samples. For the experiments described in chapter 2.5, Sven
Hohn, Luca Schelle, and | isolated RNA from HEK293 cells, prepared cDNA, and then
amplified and cloned over 100 human genes in less than a month. The big benefit of
magnetic beads over column-based systems is the lack of any centrifugation step,
which makes the BOMB protocols suitable for most common liquid handling systems.
Even if such a machine is not available, the processing of multiple batches of 96-well
plates at a time by a single researcher is easily doable. Especially with large sample

numbers, these protocols are much faster than commercial column-based kits.
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Community and collaborations

Besides the various protocols, the BOMB platform also offers a web forum? for the
discussion and exchange of open-source protocols with a continuously growing
number of members. Up to today, several community members contributed with
protocols for alternative bead systems and new designs for magnetic racks. The need
for such a community, and open-science in general, has become obvious in the light
of the recent COVID-19 pandemic and the accompanying issues with the supply
chains. Since then, the BOMB community has become a hub for collaborations* that
work on alternatives for the commercial kits that are used in the official testing
protocols. In collaboration with the Canterbury Health Laboratories, our colleagues in
New Zealand were able to modify the original extraction protocols to reliably test for
COVID-19 [310], an astonishing achievement with a most likely huge impact on one of
the most challenging problems of our time. Since then, other labs, too, have
established our beads for testing protocols [311-315]. In another COVID-19 related
collaboration with the start-up OpenCell, in which | was involved in myself, we
developed mobile emergency testing facilities with a theoretical capacity of over 2,400
tests per day [315]. In this project, we participated in the adaptation of the BOMB

protocols for the automated extraction of viral RNA using liquid handling robots.
Costs

The most obvious advantage of the BOMB platform is the financial aspect for the user.
Depending on the type of sample and the supplier, commercial purification methods
range from 1 to 14 € per sample (Table 3-1). Considering that the above-described
synthesis protocol in chapter 2.1.1 yields MNPs for more than 40,000 isolations of
DNA, RNA or TNA, the price for a BOMB nucleic acid extraction ranges from 0.05 € to
0.32 € per sample. This represents a price reduction compared to commercial

alternatives from 10- to 120-fold.

The costs in Table 3-1 have been calculated based on the high-yield protocols

described in the original publication [237]. However, these extractions were performed

3 https://bomb.bio/forums

4 https://bomb.bio/forums/forum/protocols/covid-19-rna-extraction/
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with a sample volume of 1.2 to 2.2 ml (deep-well plates). Thanks to the modularity of
the BOMB protocols, scaling down the sample sizes to e.g. 0.2 ml microtiter plates is
easily doable and reduces the costs per sample even further. Additionally, depending
on the desired downstream processing (e.g. PCR) it might not be necessary to perform
a digest with RNase A or DNase |, eliminating another huge cost factor. Even though
obtaining a magnetic rack is a one-time investment, several hundred € for one rack
can be financially challenging for some institutions. The protocols for self-crafting

magnetic racks we provide, reduce these costs to negligible levels.

Table 3-1: Cost comparison of BOMB protocols and commercial solutions. The table and table
description were taken from Oberacker et al. [237] and have been slightly modified. Total costs per 96
samples were calculated, considering plastics, solvents, and enzymes like DNase |. These costs were
omitted for the kit content replacement cost column. The price range for the commercial kits depicts list

prices offered by three major distributors.

BOMB BOMB Commercial Price
Protocol complete | kit content kit advantage

(96 samples) (96 samples) (96 samples) (kitYBOMB total)
Clean-up 5€ 0.34 € 155 218 € 31—43x
Gel extraction 11€ 15€ 155 — 228 € 14 - 21x
Plasmid DNA extraction 14 € 5€ 146 — 191 € 10 — 14x
TNA extraction from cells 1€ 22€ 349 - 1332 € 32 - 121x
TNA extraction from tissues 23 € 6.5€ 349 —471€ 15 — 20x
gDNA extraction 12 € 22¢€ 183 -354 € 15 — 30x
Total RNA extraction 32€ 25€ 440 -592 € 14 — 18x
Bisulfite conversion 16 € 5€ 207 - 655 € 13 — 41x

The financial aspect of any experiment is an important issue for many institutions and
research groups that run on a tight budget. This is especially true for any research
done in developing countries where funding is generally limited, as well as for
educational institutions like schools or universities. BOMB allows these users to follow

up on ideas and projects that were unthinkable with commercial solutions.

3.3.2 Outlook

So far, we developed a range of protocols for the purification and manipulation of

nucleic acids using bead systems with a ferrite core encapsulated in either silica- or
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carboxyl-groups. However, many other variations for the preparation of MNPs exist
that exhibit different properties, and there is also the possibility to further functionalize
the beads with chemical groups. To tap the full potential of the magnetic bead system,

other ways of bead-synthesis and modification need to be considered.

Alternative ferrites, such as cobalt ferrite (CoFe204) can be used for core particle
synthesis and silica-coating, too [316], which leads to more flexibility in the choice of
raw material. Additionally, the ferrite core can be covered with a layer of PS [231],
which is also the basis of commercially used Sera-Mag SpeedBeads (Merck)®. The
main advantage of these cores compared to exposed ferrites is that the PS is not prone

to oxidation, leading to more stable beads.

Other coating reactions might also be useful for certain applications. A modified version
of the Stober method for silica-coating uses water as a solvent, yielding an extremely
thin silica-layer (< 5 nm), which changes the behaviour of the resulting MNPs in solution
[317]. The respective beads have a bigger surface to volume ratio, and therefore a
higher capacity per mass. However, this comes at the cost of a longer settling time
when exposed to a magnet. Additionally, water is not only a regenerative source of
material, but it is also less expensive than alcohol, making protocols like this a perfect
expansion to the BOMB platform. The coat-layer itself can also be further modified,
adding new and specific chemical properties to the MNPs. A silica-surface could e.g.
be equipped with highly reactive sulfonic acid [318] or with a layer of carboxyl-groups
[316]. A Carboxyl-layer, either on the ferrite core or a layer of silica, can be further
coupled with nitrilotriacetic acid. These magnetic His-traps can be used for affinity
purification of biotin-tagged proteins [316,319]. Similarly, streptavidin can be added to
a carboxyl-layer via tetrazole chemistry, allowing the isolation of biotin-tagged
molecules [320]. Theoretically, such a biotin-modified molecule could be the imidazole
inducible Csy4 H29A (see chapter 2.4.2). The enzyme could capture CsyTag-modified
RNA molecules, a technique which has been demonstrated on an avidin-agarose
matrix for the capture of ribonucleoprotein complexes [210]. Potentially, imidazole
could also be used to rescue the catalytic activity of a Cas9 nicking mutant as well.

5 https://www.sigmaaldrich.com/technical-documents/articles/biology/sera-mag-and-sera-mag-

speedbeads-magnetic-particles.html
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One of the two endonucleolytic centres of Cas9 is an HNH domain. It has been shown
before, that the catalytic activity H to A and H to G mutants can be rescued with
imidazole in such domains [256]. Under the right conditions, a dCas9 H840A mutant
could theoretically bind double-stranded DNA in a sequence-specific manner and
release the captured molecule after unspecific nucleic acids have been washed away.
In another study, PS-based MNPs have been functionalized with azide-groups [321],
allowing the modulation of the surface with a variety of alkyne-linked molecules by
copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC). Such an azide-
functionalisation can also be achieved on silica-surfaces [322] that could potentially

allow sequence-specific isolation of nucleic acids using alkyne-tagged probes [323].

Besides the intensively described silica- and carboxyl-layers, there are several other
possibilities for coating MNPs, such as gold-surfaces on PS-based beads [324] and
the silver-coating of ferrite cores [325] using a microwave for bead synthesis. Each
functionalization method provides unique chemical properties for specific applications,

displaying that we only scratched the surface of MNP-biochemistry.

3.3.3 Conclusion

In conclusion, BOMB is an open-source platform for the isolation, purification, and
manipulation of nucleic acids, which shows great potential for a leading role in open-
science. We already built a community which is joined by more and more scientists
every day. The collaboration group is successfully involved in multiple highly relevant
projects, including COVID-19 related research, and plans to further extend its scientific
horizon by adding new functionalities and possible applications to the magnetic bead
system. The BOMB protocols have already been adopted by numerous laboratories
[311-315,326-345]. The fact that some of these are highly renowned research groups
with an abundance of funding [327,332] demonstrates that BOMB is not simply

cheaper than commercially offered products but even delivers better quality.
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4 Material and Methods

4.1 Plasmids

4.1.1 Cloning

For any cloning process in this thesis, the desired sequences were amplified in a PCR
reaction using 2 U Q5 High-Fidelity DNA Polymerase, 1x Q5 Reaction Buffer, 0.2 mM
dNTPs (all NEB), 1 ng template DNA and 0.5 uM of forward and reverse primer in a

50 pl reaction. The reaction was then incubated, as described in Table 4-1.

Table 4-1: Incubation step for PCR.

Temperature [°C] Time [s]
95 60
95 15
60-68 15 }30x
72 10
72 60
4 hold

To analyse PCR amplification products, 5 pl sample was combined with 1x loading dye
(Table 4-2) and loaded on 1% Biozyme LE Agarose gels (Biozym) with 1x Tris-
phosphate-EDTA (TPE) buffer (Table 4-2). The gel was exposed to 5 V/cm in
electrophoresis chambers (Serva Electrophoresis) for 20 to 40 minutes, and DNA
bands were visualized with the Quantum system (PEQLAB Biotechnologie GmbH). 2

Ml GeneRuler DNA Ladder (Thermo Scientific) served as a reference for fragment size.

After PCR amplification, samples were treated with 40 U Dpnl (NEB, 37 °C, 2 h) and
purified using either the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) or
BOMB protocols #4.1 or #4.4 (depending on the fragment size, see chapter 2.1.2) with
home-made silica-beads (see chapter 2.1.1). Concentrations were determined by UV-
spectroscopy (NanoDrop 1000 spectrophotometer, Thermo Scientific). For ligation
cloning, the PCR product was phosphorylated using T4 polynucleotide kinase and
ligated into the desired vector backbone with T4 ligase (both NEB) according to the
manufacturer's instructions. Alternatively, the purified PCR product was combined with
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the vector in a Gibson assembly reaction (NEBuilder HiFi DNA Assembly Master Mix,
NEB) in a molar ratio of 3:1. If not stated otherwise, ligation- or Gibson-products were
transformed into electrocompetent TOP 10 E. coli and plasmids were isolated,

validated and quantified as described in chapter 4.3.1.

Table 4-2: Buffer recipes 1. 6x DNA loading dye and 10xTPE buffer.

6x DNA loading dye 10x TPE

Tris-HCI 10 mM Tris base 900 mM
Bromphenol blue 0.03% EDTA 20 mM
Xylene blue 0.03% H3POa4 to pH8.0
Glycerol 60%

EDTA 60 mM

GelRed 4%

41.2 gRNAs and EDs

To produce the gRNA- and ED-plasmids used in this thesis, the hierarchical cloning
strategies developed in chapters 2.2.1 and 2.2.2 were utilized. For detailed

instructions, see the respective chapters.
4.1.3 Csy4 plasmids

The ORF of wild-type Csy4 was obtained from pHMGWA-Pa14Csy4 (Addgene
#41091) [204] using pHAGE-EFS_Csy4 Ncol f and pHAGE_EFS Csy4 Spel r
(Supplementary Data Table 0-10) as primers. The PCR product was then cloned into
pHAGE-EFS-PCP-GGS-FLAG-nls (derived from pHAGE-PCP-EFS-3xGFPnls,
Addgene #75385) [180] by replacing the PCP domain, yielding pHAGE-EFS-Csy4-
GGS-FLAG-nlIs (Csy4 WT, Supplementary Data Table 0-11) in a Gibson assembly

reaction.

The mutations H29A and H29G were introduced by amplifying Csy4 WT with
Csy4 H29A Hindlll_f and Csy4_H29A Hindlll_r or Csy4 H29G_Hindlll_f and
Csy4 H29G_Hindlll_r (Supplementary Data Table 0-10) and using the construct in a
Gibson assembly reaction. The resulting vectors pHAGE-EFS-Csy4H29A-GGS-
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FLAG-nls and pHAGE-EFS-Csy4H29G-GGS-FLAG-nls are further referred to as
Csy4 H29A and Csy4 H29G, respectively.

To remove the NLS together with the GGS-linker and the FLAG-tag, Csy4 WT and
Csy4 H29A were amplified using NLS out f and NLS out r (Supplementary Data
Table 0-10 and Table 0-10) and re-ligated.

4.1.4 CsyTag-modified plasmids

CsyTag was introduced in either 5’- and/or 3’-UTR of pCAG-GFPd2 (Addgene #14760)
[302]. For this, unique restriction sites in either of the two regions were chosen. Pairs
of overlapping oligonucleotides containing the Csy4 restriction site from Streptococcus
thermophilus (CsyTag_Notl_fand _r, CsyTag_Kpnl_fand _r, or CsyTag_EcoRI_fand
_r, Supplementary Data Table 0-10) were annealed, elongated using Q5 DNA
Polymerase (NEB) and purified. The vector was linearized with the respective
restriction enzyme and combined via Gibson assembly. In this manner the constructs
pCAG-CsyTag-GFPd2 (C-Gd2) and pCAG-GFPd2-CsyTag (Gd2-C) were assembled,
and subsequently pCAG-2xCsyTag-GFPd2 (2xC-Gd2) and pCAG-CsyTag-GFPd2-
CsyTag (C-Gd2-C).

For pCAG-3xCsyTag-GFPd2 (3xC-Gd2) and pCAG-4xCsyTag-GFPd2 (4xC-Gd2) the
oligonucleotides multiCsyTag_[1_fand _r, multiCsyTag 12 fand r, multiCsyTag 12 f
and multiCsyTag end, as well as multiCsyTag I3 f and multiCsyTag end
(Supplementary Data Table 0-10) were annealed, elongated and purified as described
before, leading to the inserts 11, 12, 12_end and I3_end. |1 and 12_end (for 3xC-Gd2)
or 11,12 and I3_end (for 4xC-Gd2) were combined in an equimolar ratio and amplified
in a PCR reaction. The resulting products were separated and extracted from an
agarose gel (BOMB protocol #4.3) [237] and inserted into linearized C-Gd2 via Gibson
assembly. The exact position of each CsyTag in the UTR has been summarized in

Table 0-11 of the Supplementary Data section.

4.1.5 PuroR

For experiments using GFP as part of the analysis, the pEGFP-puro (Addgene #45561)
[346] plasmid could not be utilized for the enrichment of transfected cells. The GFP
ORF was hence removed by PCR amplification using PuroR_GFPout f and r
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(Supplementary Data Table 0-9). The product was digested with Dpnl, ligated,

transformed and verified as described in chapter 4.1.1.
4.2 Cell culture

4.2.1 HEK293 culture conditions

Basic culturing conditions

HEK293 cells were cultured at 37 °C and 5% COz2 using Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1x Penicillin-
Streptomycin (200 U/ml penicillin, 0.2 mg/ml streptomycin) and 8 mM L-glutamine (all
Sigma-Aldrich). For passaging, cells were washed with Dulbecco’s Phosphate
Buffered Saline (DPBS) without (w/o) calcium chloride (CaClz) and magnesium
chloride (MgClz2), detached with Trypsin-EDTA (all Sigma-Aldrich) and seeded at
dilutions of 1:2 to 1:12 in T175 flasks (Sarstedt).

Harvesting

To harvest cells after an experiment, the wells were washed twice with DPBS (w/o
MgCl2 and CaClz) and detached with Trypsin-EDTA. To stop the digest, trypsin was
diluted 1:3 with DMEM supplemented as described above. The cells were dispersed
by gentle pipetting and transferred to 1.2 ml MegaBlock 96 deep well plates (Sarstedt).
The plates were centrifuged (500 g, 5 min), the supernatant was removed, and the

pellets were frozen at -80 °C.
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4.2.2 Transfections

Basic procedure

One day before a transfection experiment, cells were detached and seeded at 40%
density in 6-well plates or 8-well tissue culture chambers (Sarstedt). DNA (Table 4-3)
and PEI MAX (40 kDa, Polysciences) were combined in a mass ratio of 1:3 with DMEM
(w/o supplements) as a basis. The amount of hereby used plasmid DNA varied
between 400 ng (Chromatin labelling, 8-well) and 2 ug (other experiments, 6-well). The
mixture was incubated at room temperature (RT) for 20 min and added dropwise to the
culture. 15 hours post-transfection (hpt), the cells were washed with DPBS (with MgCl2
and CaClz, Sigma-Aldrich) and fresh DMEM (supplemented) was added. The medium
was exchanged every day until the cells were harvested. To verify the expression of
the transfected plasmids and to enrich transfected cells, 5% of each transfection mix
consisted of either pEGFP-puro (Addgene #45561) [346] or pPuroR (see chapter
4.1.5). By adding 2.5 ug/ml puromycin (InvivoGen) to the culture medium, starting 1
dpt, untransfected cells die and are removed during washing. In experiments where
samples expressed EGFP, pcDNA3-mRuby2 (Addgene #40260) [347] was used
instead of pEGFP-puro to ensure a visual expression control that can be observed
using microscopy (EVOS FLoid Cell Imaging Station, ThermoFisher). In all controls,
the remaining DNA was topped-up with pUC19 plasmid (Addgene #50005) [348].
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Table 4-3: Transfection schematics with the fraction of plasmids in % of total DNA. Brackets in plasmid

names indicate that the respective feature is optional. The exact construct is described in each of the

corresponding chapters.
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Small molecules

In the experiments described in chapter 2.4, small molecules were added to the culture
medium. If not stated differently, the respective chemical was added to the culture
medium with the first medium change after transfection (together with puromycin) and

at each subsequent day of the experiment until the cells were harvested.

For switch-ON experiments featuring FKBP and FRB (see chapter 2.4.1), the
rapamycin analogue A/C Heterodimerizer (TaKaRa) was used in different
concentrations. Depending on the experiment, 5 to 2000 nM of the chemical was

dissolved in supplemented DMEM (including puromycin) and added to the cells.

In Csy4 related experiments (see chapters 2.4.2 and 2.6) a stock solution of 1 M
imidazole was prepared. For this, the required amount of crystalline imidazole (Roth)
was dissolved in DPBS (w/o MgClz and CaCl2) supplemented with 40 uM Phenol Red
(Honeywell), the pH was adjusted to 7.0, and the solution was sterile filtered. As for
A/C Heterodimerizer, dilutions in DMEM were prepared before adding the medium to
the cells. These dilution contained concentrations between 0.5 and 32 mM of

imidazole.
4.3 Downstream processing and analysis

4.3.1 DNA

Plasmid DNA was isolated from 2 ml TOP 10 E. coli cultures using either Plasmid
Purification Kit (Macherey-Nagel) or BOMB protocols #5.1 or #5.2 (see chapter 2.1.3).
For the BOMB protocols, the cultures were pelleted, and the supernatant was
discarded. The cells were resuspended in a Tris-EDTA buffer and lysed by alkaline
lysis with sodium hydroxide. After the lysis was complete, the pH was reduced by
adding a potassium acetate-buffer with (#5.1) or without guanidine-hydrochloride
(#5.2). Cellular debris and gDNA were then removed either by centrifugation (#5.1) or
by a physical pulldown using silica-coated magnetic beads (#5.2). In either case, the
supernatant was transferred to a fresh vial. To bind plasmid DNA, 1 V of 96% EtOH
and a fresh load of magnetic beads were added to the samples. For #5.2 the EtOH
was exchanged for an EtOH-based buffer which also contained guanidine-
hydrochloride. Remaining contaminants were subsequently removed by two to four
wash steps with a Tris-HCI/80% EtOH-based buffer, and plasmid DNA was eluted
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using 4dH20 and quantified by UV-spectroscopy (NanoDrop 1000 spectrophotometer).
After the clean-up, DNA was analysed by restriction digest. For this, 100 ng plasmid
DNA was combined with 0.2 ul of the respective restriction enzyme (NEB) and a fitting
buffer in 1x concentration. The reaction was incubated for 15 min to 1 h at the
recommended temperature and analysed using agarose gel electrophoresis as
described above (see chapter4.1.1). Plasmids were further sent for Sanger

sequencing (LGC Genomics) to ensure sequence integrity.

4.3.2 RNA

RNA was isolated from frozen HEK293 cell pellets utilizing the TRIZOL-based BOMB
protocol #8.1 (see chapter 2.1.4). For this, harvested HEK293 cell pellets were
dissolved in TRI reagent (BOMB protocol #B.1) [237] by vigorous shaking (Microtiter
plate orbital shaker, IKA MS 3 basic). To capture the nucleic acids, 1 V of RNA binding
buffer was added as well as silica-coated magnetic beads (1:10 dilution). After binding
the supernatant was removed and the samples were washed four times with 90%
EtOH. The beads were dried (50 °C, 5 min) to evaporate remaining EtOH, and DNA
was digested under constant shaking using a DNasel reaction mix (37 °C, 30-60 min).
4V of RNA binding buffer were added to bind the intact RNA to the beads, and the
digested DNA was removed by four additional wash steps with 90% EtOH. The beads
were dried (50 °C, 30 min) and RNA was eluted with RNase free 4dH20. To ensure a
high quality of the extracted RNA, each sample was analysed by UV-spectroscopy.
Additionally, | verified the RNA integrity of approximately 10% of samples from each
batch by agarose gel electrophoresis. For this, 1x Tris-Acetate-EDTA (TAE, Table 4-4)
buffer was used instead of TPE. To denature the RNA, the samples were combined
with 1x RNA loading dye (Table 4-4) and incubated at 65 °C for 1 min.
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Table 4-4: Buffer recipes 2. 50x TAE buffer and 2x RNA loading dye.

50x TAE buffer 2x RNA loading dye
Tris base 40 mM Formamide 95%
EDTA 2mM SDS 0.02%
Acetic acid to pH8.5 Bromphenol blue 0.02%
Xylene blue 0.01%
EDTA 1 mM
4.3.3 RT-qPCR

Reverse Transcription

For analysis of expression levels with RT-qPCR, the extracted RNA had to be reverse
transcribed into cDNA. For this, 200-500 ng RNA was combined on ice with random
octamers (0.25 uM, Thermo), dTis-oligonucleotides (0.75uM, Thermo, not for the
results presented in Figure 2-20F), dNTPs (0.5 pM each, Thermo), RNasin (0.2 U/pul,
Promega), 1x RT buffer and 10 U/pl M-MuLV-RT (both Enzymatics) in 20 or 40 pl

reactions. The mixture was then incubated, as described in Table 4-5.
RT-qPCR

After the reverse transcription, the cDNA was diluted (1:2). 2 pl of this dilution was used
as a template for RT-gPCR and combined with the respective primers (0.25 uM each,
Supplementary Data Table 0-12) as well as 1x ORA sSEE g-PCR Green Rox L Mix
(highQu). If not stated otherwise, biological triplicates and two or three technical
replicates were prepared and analysed for each sample. Furthermore, each sample
plate contained a non-template control as well as a non-reverse transcriptase control

for quality control.

137



Table 4-5: Incubation steps and programs for reverse transcription and RT-qPCR.

Reverse transcription RT-gPCR
Temperature [°C] | Time [min] Temperature [°C] Time [s]
42 1 95 180
25 5 95 10
37 5 61 30 }30x
42 60 measure
90 10 95 10
4 hold 65
1 (A 0.5°C), measure (5 s)
95

The reactions were then incubated in a LightCycler 96 Instrument (Roche) using the
program described in Table 4-5 and Cq values were extracted via the LC96-software
(Roche). To analyse relative transcription levels, the human housekeeping gene
REEP5 was chosen as a reference due to its consistent and strong expression in
HEK293 cells [349]. Utilizing the Pfaffl-method [350], the surplus of target transcript

compared to the REEPS reference was determined by equation (1).

Atharget(control-sample)

Etarget (1)
control-sample)

relative expression =

Aqueference(
reference

E hereby represents the PCR efficiency of the primer pairs, which were determined by
10-fold dilution series, while ACq describes the difference between the control (pUC19-
transfected cells) and the sample of interest. Using this equation, | calculated the
relative expression for each replicate relative to the other primer pair of the same
sample as well as the averages of both primer pairs for the control. | then took the
mean of the four to six values obtained for each biological replicate. The relative
expression of the three biological replicates was used to calculate a mean value and

an SEM for each sample.
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4.3.4 FACS analysis

Cells were prepared for FACS analysis 3 dpt as described in chapter 4.2.1. After
centrifugation, the pellet was washed twice with DPBS (w/o MgCl2 and CaClz2) and
gently resuspended until no visible clusters could be observed. The cell suspension
was seeded in 96-well flat-bottom cell culture plates (Sigma-Aldrich) and analysed
using the MACSQuant VYB instrument (MACS Miltenyi Biotec). After identifying and
gating HEK293 cells (Figure 2-27A, left scatter plot) by forward- and side-scatter,
aggregated cell clusters from the analysis (Figure 2-27A, middle scatter plot). Like this,
at least 10.000 living cells were identified. For these cells, the fluorescence signal was
determined for GFP and mRuby2 (control for transfection efficiency), and four sectors
(Q1 to Q4, Figure 2-27A, right scatter plot) were defined. To determine the changes
in fluorescence, the signal of double-positive cells (Q2) between the samples was

compared.

43.5 LSM

For live-cell imaging, cells were either seeded and transfected in 8-well tissue culture
chambers which are suitable for microscopy of living cells in a culture medium, or in
normal 6-well plates. In the case of the latter, cells were transferred to 8-well tissue
culture chambers 15 hpt. 24 hpt the fluorescence signal was detected with an LSM 710
Zeiss confocal microscope (Zeiss, Plan-Apochromat 63 x /1.40 Oil DIC M27 objective,
XL-LSM 710 S1 chamber for controlling temperature as well as the CO: level). For the
experiments described in chapter 2.4.2, 1 M imidazole stock solution was added
dropwise to a final concentration of 32 mM, and the signal was monitored after O, 1,
2.5, 5,10, 20 and 30 min.

4.3.6 Total protein extraction

To extract total protein from transfected cells, the harvested pellets were washed twice
with precooled DPBS (-20°C, w/o MgCl2 and CaClz, centrifugation: 2500g, 5 min, 4°C)
and resuspended by gentle pipetting in 150 ul Radioimmunoprecipitation assay (RIPA)
buffer (150 mM NaCl, 5 mM EDTA pH8.0, 50 mM TRIS pH8.0, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1x protease inhibitor cocktail). To increase the yield, the
suspension was sonicated (50% pulse, 30 sec) and shaken on a microtiter plate orbital

shaker (Merck, 15 min, 250 rpm). The cellular debris was pulled down by centrifugation
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(2500 g, 15 min, 4 °C) and the supernatant was transferred to a new vial. Protein
concentration was determined by utilizing the Pierce BCA Protein Assay Kit (Thermo

Scientific) and an EnSpire multimode plate reader (PerkinElmer).

4.3.7 SDS-PAGE and Western blot

2 ug total protein was separated by SDS-PAGE (12% PAA) and electro-blotted onto a
nitrocellulose membrane (GE Healthcare) [351]. Under constant, gentle shaking, the
membrane was first blocked in PBS-T (50 mM K2HPO4, 150 mM NaCl, and 0.1%
Tween 20, pH 7.4) with 5% milk powder for 1 h and then incubated over-night at 4 °C
in either Anti-GFP IgG (from mouse, 1:2000 in PBS-T, Sigma-Aldrich) or Anti-beta
Actin IgG (from rabbit, 1:5000 in PBS-T, abcam). After three more washes with PBS-
T, the membrane was incubated for 1 h at RT with the secondary antibody, which was
either ECL anti-mouse IgG-HRP (1:5000, GE Healthcare) or ECL anti-rabbit IgG-HRP
(1:5000, GE Healthcare). The membrane was washed three more times with PBS-T
and eventually covered with Western Lightning Plus-ECL (PerkinElmer) substrate. A
High-performance chemiluminescence film (GE Healthcare) was exposed for 10 sec
to 1 min to the membrane, and the signal was analysed using the ImageQuant TL

software (GE Healthcare).

4.3.8 in vitro transcription of gRNA

To obtain the in vitro transcribed RNAs used to validate the BOMB clean-up protocol
(Figure 2-3F) for small ncRNA, dsDNA templates of gRNAs were synthesized by PCR
with a forward primer coding for a T7 promoter and the desired spacer sequence and
reverse primer matching the template plasmid. The PCR was performed according to
the user manual utilizing Taq Polymerase (NEB) and the program shown in Table 4-6.
The product was purified (see chapter 2.1.2), and the success of the reaction was

controlled via agarose gel electrophoresis (see chapter 4.1.1).

For the in vitro transcription reaction, 20 ul purified PCR-product was combined with
1x Transcription Buffer, 0.6 U/ul T7 RNA Polymerase and 2 mM of each ATP, UTP,
GTP and CTP (all Thermo Scientific) as well as 0.2 U/ul RNasin (Promega) in a
reaction volume between 100 pl and 400 pl. After the reaction (37 °C, 4 h), the DNA
was degraded by DNasel (NEB, 2 U/ul, 37 °C, 2 h). The enzyme was deactivated using
EDTA (2.5 uM, pH8.0) at high temperatures (65 °C, 15 min). gRNA was precipitated
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with 0.5 M ammonium acetate and 3 V 96% EtOH (-20 °C, overnight). The solution
was pelleted, washed twice with 80% EtOH (21500 g, 4 °C, 15 min) and eluted in
RNase free water. Quantification was performed by via UV-spectroscopy (NanoDrop
1000 spectrophotometer), and the integrity of the purified gRNA was determined by
SDS-PAGE (see chapter 4.3.7) using a 12% denaturing urea gel.

Table 4-6: PCR program for gRNA template synthesis.

Temperature Time [s]

[°C]

95 60

95 30

60 25 }30x
68 30

68 60

4 hold
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Supplementary Data

Table 0-1: gRNA spacer sequences.

Primer

Sequence [5°...3’]

TFRC sg1

ctttaatcctcttatcaacgggg

TFRC sg2

gaacacctgcggcgttcagtcgg

TFRC sg3

tcaggttgtaccagagccgaagg

TFRC sg4

cccggageccggggaaccgaagg

TFRC sg5

cagcccggagecggegeactagg

TFRC sg6

gggaagggacgagaggcgaaggg

TFRC sg7

cccacaggctcgeggecccgctc

TFRC sg9

tgctctgacagatcgcccggggg

CXCR4 sg1

tgtttatcacttggcgcegtttgg

CXCR4 sg2

ccaccgacggttaaacatcacaa

CXCR4 sg3

ccgtcggecgcacagagtttaac

EPCAM sg1

gttcccgeacccttccececcagg

EPCAM sg2

gcagcgctcctcecggttaaaagg

EPCAM sg3

ggagacgaagcacctggggeggg

EPCAM sg4

gcgccccaactgcagegecgggg

EPCAM sg5

ggccagaggtgagcagtcccggg

EPCAM sg6

gcgagcgagcaccttcgacgegg

EPCAM sg7

gccccaggcctcgegetgeccgg

LIN28A sg1

cccgeggggggttgggteattgt

LIN28A sg2

ttcgagctcgggacttagcggag

LIN28A sg3

agtctctgggaaacgcgttgtgg

LIN28A sg4

cccgagacggccctecgattceg

LIN28A sg5

ctgtccatgaccgeccgegecgg

LIN28A sg6

cctcecggcttaccacgtgtctat

ASCL1 sg1

ctgtccaagcggtcgagegacgg

ASCL1 sg2

cgggagaaaggaacgggaggggg

ASCL1 sg3

gcagccgctcgetgcagcagegg

ASCL1 sg4

Cgaagccaacccgcgaagggagg

ASCL1 sg5

cctgtttctttgccacggecgea

TELS

aaactaaccctaaccctaacccc

Chr9

aaacttccattccattccattccac

167



Table 0-2: Cloning primers 1 — gRNAs plasmids

Primer Sequence [5°...3’]
ccdB_out_f gcgattaagttgggtaacg
ccdB_out_r ctggggaatataaatgtcagg
U6_crRNA_f GACCtgatcggattGGTCTCAactctttttttctagacccagctttc
U6_crRNA_r TCTgtcaCAAAACAGCATAGCTCTCAAACAGGTCTTCTCGAAGAC
U6_gRNA_in_f tatcaacttgaaaaagtggcaccgagtcggtgctgacAGAGACCtgatcggattGGTC
U6_gRNA_in_r acggactagccttatttgaacttgctatttctagctctcaaacAGGTCTTCTCGAAGAC

Table 0-3: U6_gRNA constructs (examples). Promoter sequences are depicted in grey, the stuffer

region for the insertion of the spacer sequence in yellow, the stuffer for aptamer cloning in cyan and the

gRNA scaffold is coloured in green. After cloning of MS2 and/or CsyTag, both aptamers are flanked by

spacer sequences. The Csy4 restriction site is marked with an *.

Construct

Sequence [5°...3’]

gRNA

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattag
tacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagt
atttcgatticttggctttatatatctigiggaaaggacgaaacaccgggtcticgagaagacctgtttgagagctagaaatagcaagticaaataag
gctagtccegttatcaacttgaaaaagtggcaccgagtcggtgctgacagagacctgatcggattggtctcaactcttttttt

gRNA-MS2

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattag
tacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagt
atttcgatticttggctttatatatctigiggaaaggacgaaacaccgggtcticgagaagacctgtttgagagctagaaatagcaagticaaataag
gctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctgaccccagagcaggtcgtgacatgaggatcacceatgtgtgccaagegea
cggactcttttttt

gRNA-CsyTag-MS2

gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgtaaacacaaagatattag
tacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagt
atttcgatticttggctttatatatctigiggaaaggacgaaacaccgggtcttcgagaagacctgtttgagagctagaaatagcaagticaaataag
gctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctgaccccagagcaggicgtggticactgecgtataggcag*ctaagaaagtg
ccaagcegceacggacttacgeccagageaggtcgtgacatgaggatcacccatgtgtgccaagegeacggactcttttttt
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Table 0-4: Cloning primers 2 — gRNA aptamer toolbox

Primer Sequence [5'...3’]

|_boxB_r ccagagcaggtcgtggccctgaaaaagggegtgccaagegcacgg

I_MS2_r ccagagcaggtcgtgacatgaggatcacccatgtgtgccaagcgcacgg

|_PP7_r ccagagcaggtcgtgtaaggagtttatatggaaacccttagtgccaagcgcacgg
|_CsyTag_r ccagagcaggtcgtggttcactgccgtataggcagctaagaaagtgccaagegcacgg
Ex-F1 tgcgtecgtctccgaaccttaaaccggccaacataccggtctcctgaccccagagcaggtegtg
Ex-F2 tgcgtccgtctccgaaccttaaaccggccaacataccggtctcgacttacaccagagcaggtegtg
Ex-F3 tgcgtecgtctccgaaccttaaaccggccaacataccggtctcgecggectcaccccagagcaggtegtg
Ex-F4 tgcgtcegtctccgaaccttaaaccggccaacataccggtcetcgtgggcetcaccccagagcaggtegtg
Ex-R1 gctgaccgtcteegttcagtetgtctttceectttccggtetctaagtcecgtgegettggeac

Ex-R2 gctgaccgtctccgttcagtcetgtctttccectttccggtctcageegtgegettggecac

Ex-R3 gctgaccgtctccgttcagtctgtctttccectttccggtctctcccatcecgtgegcettggecac
Ex-R4 gctgaccgtctccgttcagtctgtctttccectttccggtctetgagtececgtgegcettggecac

In-F2 cttgttatggacgagttgcccgtctcgtacgccagagcaggtegtg

In-F3 ccaaagattcaaccgtcctgcgtctcgaaccccagagcaggtegtg

In-F4 tattcatgcttggacggactcgtctcggttgaccccagagcaggtcgtg

In-F5 gtcctagtgaggaataccggcgtctcgectgaccccagagcaggtegtg

In-F6 ttccttgataccgtagetcgegtctcggacaccagagcaggtegtg

In-R1 tcttatcggtgcttegttctegtctcecegtaagteegtgegettggeac

In-R2 cgtttctttccggtegttagegtcetctggttagtccgtgegetiggcac

In-R3 tgagccttatgatttcccgtegtctctcaaccegtgegettggeac

In-R4 agtctgtctttcecectttcecegtetctcaggecgtgegettggeac

In-R5 ccgaagaatcgcagatcctacgtctcttgtcagtcegtgegettggeac

Hex-F cttaaaccggccaacatacc

Hex-R agtctgtctttcecctttce

U6_5xPBSa_f tgactgtatgtagcctgtatgtagcctgtatgtagectgtatgtagectgtatgta
U6_5xPBSa_r gagttacatacaggctacatacaggctacatacaggctacatacaggctacataca
U6_5xPBSb_f tgacttgatatagccttgatatagccttgatatagccttgatatagcecttgatata
U6_5xPBSb_r gagttatatcaaggctatatcaaggctatatcaaggctatatcaaggctatatcaa
U6_5xPBSc_f tgacttgatgtagccttgatgtagccttgatgtagccttgatgtagcecttgatgta
U6_5xPBSc_r gagttacatcaaggctacatcaaggctacatcaaggctacatcaaggctacatcaa
U6_5xPBSw_f tgactgtatatagcctgtatatagcctgtatatagcctgtatatagcctgtatata
U6_5xPBSw_r gagttatatacaggctatatacaggctatatacaggctatatacaggctatataca
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Table 0-5: template sequences

Construct

Sequence [5°...3’]

DmrA_FLAG_CDS

atgtctagaggagtgcaggtggaaaccatctccccaggagacgggcegcaccttccccaagegeggcecagacctgegtggtgcactacaccggg
atgcttgaagatggaaagaaatttgattcctcccgggacagaaacaagccctttaagtttatgctaggcaagcaggaggtgatccgaggetgggaa
gaaggggttgcccagatgagtgtgggtcagagagccaaactgactatatctccagattatgectatggtgccactgggcacccaggcatcatceca
ccacatgccactctcgtcttcgatgtggagcttctaaaactggaaactagttatgattacaaggatgacgacgataag

DmrC_HA_CDS

atggcttctagaatcctctggcatgagatgtggcatgaaggectggaagaggcatctegtttgtactttggggaaaggaacgtgaaaggcatgtttga
ggtgctggagcccttgcatgctatgatggaacggggceccccagactctgaaggaaacatcctttaatcaggcectatggtcgagatttaatggaggec
caagagtggtgcaggaagtacatgaaatcagggaatgtcaaggacctcctccaagectgggacctctattatcatgtgticcgacgaatctcaaag

actagttatccgtacgacgtaccagactacgca

gBLOCK-rain-vTES

tgacccgaggatccgggggcactggttccggtacaggcggaagecggaacaggaggatcagccageggttccggacgggcttccccaggaattce
ccgggtcgactctgcaggattacaaggacgacgatgacaagctcgaggcaatagcaatgaccgegtgatcgtgaagaaaagtcegttgggegg
ctacggggtttttgcacgaaaatcttttgagaaaggagaattggtcgaagagtgcctctgtatagtccgccacaacgacgactggggcacagcactc
gaagattacctcttttcccgaaagaatatgtccgcgatggegetgggatttggtgcaattttcaaccacagtaaagacccaaatgctcgacacgagtt
gacagcaggtctcaaaagaatgcggatctttacaatcaaacccatcgcgataggcgaggaaatcaccatttcatacggagacgattactggcttag
ccgaccccggctgacacagaat
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Table 0-6: Cloning primers 3 — EPIC’'RISPR vector backbone

Primer Sequence [5°...3’]

gBLOCK:-rain-f tgacccgaggatccgg

gBLOCK:-rain-r attctgtgtcagccggg

open_gBLOCK_f gattacaaggacgacgatgacaagctcg

open_gBLOCK _r ctgcagagtcgacccgggaattc




Table 0-7: pHAGE_EFS plasmid vector backbone for EPIC’RISPR ED cloning. Promoter sequences
are depicted in grey, the GGS linker in il with the Pstl restriction site as a *. The FLAG tag is coloured

in green and the NLS in 8. The B8 aptamer binder can be arbitrarily exchanged for any other protein.

Construct

Sequence [5°...3’]

MCP-gBLOCK

gggcagagcgcacatcgcccacagtccccgagaagttggggggaggggtcggcaattgaaccggtgectagagaaggtggegeggggtaaa
ctgggaaagtgatgtcgtgtactggctcecgcctttttcccgagggtgggggagaaccgtatataagtgcagtagtcgecgtgaacagttcttttitcgcaac
ggotitgccgecagaacacaggtgtegtgacgeggtecggttaaggtgaacgegtgcaggetggegecaccBigaoioiaaoiiaoioagteatl
ctegtegacaatggeggaactggegacgtgactgtegecccaageaacticgetaacgggategetgaatggatcagetetaactcgegticacag
gettacaaagtaacctgtagegttcgteagagetetgegeagaatcgeaaatacaccatcaaagtcgaggtgectaaaggegectggegttegtact
[EEaiEigaacaaccatceaatiegesas 2 aticcgactgcgagcttatigttaaggcaatgcaaggtetcctaaaagatggaaaccegatte
cctcagcaatcgcagcaaactceggeatctacgggggatetggtageggegeto falceggaggeacigaticegaiacagacagaagegaas
SagGaggalcageeageaaiiccagacaaaeliccocatuaaticoeaaategaptetaea 8o - (- c2aggacgacyatgacaagctegagl

caaagaaaaageggaaagtgtaa

Table 0-8: EPIC’RISPR ED amplification primers. Each primer consists of a universal overhang which

matches the linearized vector backbone and a sequence matching the respective ED.

ED Pf Pr
3' overhang [5°...3’] 5' overhang [5°...3’]
all ggaattcccgggtcgact gatccagceggctgtaggggce
3' match [5°...3’] 5' match [5°...3’]

KRAB atggacgcgaaatcacttacg taccagccaaggttcttccee
mTET3del1 atgcgccctttagagttccctac gatccagcggctgtaggggce
VPR agggacgggctgacgcattggacgattttg aaacagagatgtgtcgaagatggacag
VP64 agggacgggctgacgcattggacgattttg tctagagttaatcagcatgtccaggtcg
SUV39H1 tgtgtgcgtatcctcaagcagttc gaagaggtatttgcggcaggactc
SUV39H2 tgcccgttactgcettcage gttgaggtaacctctgcaagtcac
EHMT2 aatcgggccatccgcacagag cgtctggcccgectggac
EHMT1 tccaagggctctgacatcaacatccg gacggcttgccecgacacc
SETDB1 ttttactatattttggacatcacttatgggaag cattgaatgcagaggacgtcttctt
SETDB2 cagttggctcggaattacccaaag ctgccaatgtggggttaataaatgtagaaaaaaaatatta
KMT2D tcaaccagacgtgccaccag cgctgeegteggttecttaac
KMT2C agcacagtcactggagaactgaacg gtgaactgccggaagtggatgaac
KMT2B ctgaacagcaccagcatgtctaagg cctggaattgtcggaaatggatgaac
SETD1A cgcgcectacgagecac ctgccggggctecctaaac
SETD1B cgctcggagtttgaggagatg gagaactgccgggggaccctcaac
ASH1L ccagatgtcccactatataagaaaattcg gtcgaggaatcatcggaggcaagagt
NSD1 aaagagctaagacagctgcaggaag gaactgcagtggcttcttgggt
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SMYD2 atgagggccgagggce gatcaaacaggaaattgaaagccactga
SMYD3 atggagccgctgaaggtagg gacgccaacatcagagcatcc

NSD3 gcacaaagagaaagtaaagaagccc gcagataactgcagtggttttctagga
NSD2 ggggaccggggcage gaagggaagaggcagtcagaggac
DOT1L atgggggagaagctggagctg caagcgcgggcegecccaagaag
KMT5A atggctagaggcaggaagatgtcc cccacccegtggcetgaagcattaa
KMT5B aagtggttgggagaatccaagaacatg cactgatgcagataccactcaggaa
KMT5C gggcccgacagagtgacag cagccgacagggcectg

EZH2 aaacaccggttgtgggctg ggcatcgaaagagaaatggaaatccct
EZH1 atggaaataccaaatccccctacctc cgagagggagaccgacgtcctt
SETD7 atggatagcgacgacgagatgg caggccacccagcaaaagtga
PRDM2 atgaatcagaacactactgagcctg cggagcaagcggagctcc

vSET atgttcaatgaccgcgtgatcgtg gaccccggctgacacagaatgaatt
EED atgtccgagagggaagtgtcgac ggcgctgggatcgacttcga

KDM1A gccccacctgaggaagaaaatg cagcagtccccaagcatgtga
KDM2A ggaaaaagaacttttgacttggaagag gtccctcagcatggatttggag
KDM2B acaaaatgctttgaatttgagtcggce caaagaaccgggctgtgggt
KDM2B F-box gatggggcagcccacgtcatg gaaaaactcctgcaaaaactgagt
KDM3A agcattctgggctttgacactccte gtgaatccagttttggcaaacct
KDM3B acttctcactcctggctttgtg gtttccgcectgactcaggaattc
KDM3C ataccacattcttggatctgtgagaagc catttaacacaggaactgagacttttg
KDM4A atggcttctgagtctgaaactctg gctgagtticttaaggagagtgaactg
KDM4B atggggtctgaggaccacg gaccacacgcggcccacg

KDM4C gtggccgaggtggaaagtc ggatatatacaccattgatcacacgaag
KDM4D gcccagaatccaaattgtaacataatg gtggaaacgtgggcaagac

KDM4E atgaagtctgtgcactccagtc gttatgagctctggaaacacagg
KDM5A atggcgggcegtgggge gctgaagctgtgaacttctgtact
KDM5B ttcctgectccaccecgagtg gctttggaggcaaagatcaacaag
KDM5C gatttcctaccgecaccggag cgggctgagtcctttgacacc
KDM6A cagatcataccatcaatgtctgtgtcc ctccattaccatccgectcatcet
KDM6B gacgtcgtgcgegcecag gccecggegggegege

KDM7A tccttgatgaaaaaaaggaggaactggce cggcaaaccagttaaatctcagggaatt
KDM7B atggcctcggtgeceg ctggtggaagacatcttccaacagaac
KDM7C tccaccttaaagaagaagcggacc ctccaaagccgtccgaccg

KDM8 gcggaccatggtttgattcca cggtcagcttctggtggteg

RIOX1 ggtggggagccggectgggac ctcactaagatgcctctagccctaaat
JMJD6 atgaaccacaagagcaagaagcg ctcggttgaccttcaggagtce

KAT2A cgccgeggcatcatcgagttccatg gaatccccgcatccectacacg
KAT3B attttcaaaccagaagaactacgacaggc gcacacgcagagccaggac

KAT5 acccggatgaagaacattgagtgcattg ctgcacttcactcccaaggac

KAT6A ccccctgatccacaagteeg gactccagtcatagtgtccaactct
KAT6B cggtacccttctgtgattgaatttg cgagaagctgagaaagaggct
KAT7 gagggaagcaacatgattaaaacaattgc gatcccagcetgcttaaaatggacccect
KAT8 accaaggtgaagtatgtggacaagatc cgtctgectcaagtgggcaccce

KAT9 atacagtgtcgagatgtgagaaccagag caaggcccgtacatggtgaagatgctgaaa
HDACA1 atggcgcagacgcagggc gtcaaggaggaggtcaagttggcc
HDAC2-CD aaaaaaaaagtctgctactactacgacggtg gcgtttgtttgaaaatttgcgcatgtta
HDAC3-CD aaaaaaaaagtctgctactactacgacggtg gaaccatgcacctagtgtccag
HDAC3 aagaccgtggcctatttctacgacc caatgacaaggaaagcgatgtggagatt




HDAC4-CD aagaccgtggcctatttctacgacc catggaagaggagccgcccctg
HDAC5-CD accaagccgaggttcacgac gagcaggagcctgccctg
HDACG6-CD1 gcaatggaagaagacctaatcgtggga ctgggaggttcttgtgagatcaact
HDACG6-CD2 gggctggtctatgaccaaaatatgatgaatc gatactggcgcagcttacgg

HDAC7 tcccgggctcagtettccccag ctggcctectgtccagactce

HDACS8 atggaggagccggaggaac caaagggaatctgaagcatgtggtc
SIRT1 atgattggcacagatcctcgaacaattc ctgtgaaacaggaagtaacagacatgaac
SIRT2 agcctgggcagccagaag gccagcatagatgcccagtcg

SIRT6 atgtcggtgaattacgcggceg ctggagcccaaggaggaatct

SIRT7 cgggagctggccagcegcecegtc gccgagcetgggcettggagatcccce

Table 0-9: Cloning primers 4 — FKBP (DmrA), FRB (DmrC), PUF and PuroR

Primer

Sequence [5°...3’]

pHAGE_DmrA_Pstl_f

cgggtcgactctgcagggagtgcaggtggaaaccatc

pHAGE_DmrA_Pstl_r

ccttgtaatcctgcagttccagttttagaagctccacatcg

pHAGE_DmrC_Pstl_f

cgggtcgactctgcagatcctctggcatgagatgtgg

pHAGE_DmrC_Pstl_r

ccttgtaatcctgcagcetttgagattcgtcgg

pHAGE_EFS_DmrA_Ncol_f

tggcgcecaccatgggtggagtgcaggtggaaaccatc

pHAGE_EFS_DmrA_Spel_r

atccacctccactagtacctccgccacttccagttttagaagctccacatcg

pHAGE_EFS_DmrC_Ncol_f

tggcgccaccatgggtatcctctggcatgagatgtgg

pHAGE_EFS_DmrC_Spel_r

atccacctccactagtacctccgecacctttgagattcgtcgg

PUF_pcDNA3.1_Gib_f

gaaggtgggccgcggaggecgcagecgce

PUF_pcDNA3.1_Gib_r

gccttggatccggceaattggecctaagtcaacaccgttcttcatg

PuroR_GFPout_f

atgaccgagtacaagcccacggtg

PuroR_GFPout_r

ggtggcgaccggtagegctage
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Table 0-10: Cloning primers 5 — Csy4 and CsyTag

Primer

Sequence [5°...3’]

pHAGE_EFS_Csy4_Ncol_f

ggcgccaccatgggtatggaccactacctcgacattc

pHAGE_EFS_Csy4_Spel_r

cagagccactagtacctccgccaccgaaccagggaacgaaacctce

Csy4 H29A_HindIll_f

cttcggcaagcttgcgcaggecctgg

Csy4_H29A_HindIll_r

ccagggcctgcgcaagcttgccgaag

Csy4_H29G_HindIll_f

cttcggcaagcttggccaggecctgg

Csy4_H29G_Hindlll_r

ccagggcctggccaagcettgccgaag

NLS_out_f

taatctagataatcaacctctggattac

NLS_out_r

gaaccagggaacgaaacc

CsyTag_Notl_f

ggccgttcactgecgtataggcagctaagaaa

CsyTag_Notl_r

ggcctttcttagctgectatacggcagtgaac

CsyTag_Kpnl_f

gttcactgccgtataggcagctaagaaagtac

CsyTag_Kpnl_r

tttcttagetgectatacggcagtgaacgtac

CsyTag_EcoRI_f

aattgttcactgccgtataggcagctaagaaa

CsyTag_EcoRI_r

aatttttcttagctgcctatacggcagtgaac

multiCsyTag_I1_f

tgtctcatcattttggcaaagaattgttcactgccgtataggcagctaagaaa

multiCsyTag_I1_r

tggggaagcccgteegtttcttagetgectatacggcagtgaac

multiCsyTag_l2_f

cggacgggcttccccagttcactgccgtataggcagctaagaaa

multiCsyTag_I2_r

ttccgcttcegectgttticttagetgectatacggcagtgaac

multiCsyTag_I3_f

acaggcggaagcggaagttcactgccgtataggcagctaagaaa

multiCsyTag_end

gcagtgaacgtaccgtcgactgcagtttcttagctgcctatacggcagtgaac




Table 0-11: Plasmids for expression control. For pHAGE EFS constructs, the promoter sequences
are depicted in grey, Csy4 in cyan, the GGS linker in Bl with the Pstl restriction site as a *. The FLAG
tag is coloured in green and the NLS in [88. The | EESSEEEEE can be further mutated into A or G
and the linker, FLAG tag and NLS can be removed. For pCAG-constructs, the UTRs are depicted in

grey, CsyTag sites in purple with * indicating Csy4 restriction sites. EGFP is coloured in gféen and the

degradation domain d2 in (EHKIGICER.

Construct

Sequence [5°...3’]

pHAGE_EFS_
Csy4 WT

Gggcagagcgcacatcgcccacagtccecgagaagttggggggaggggteggcaattgaaccggtgectagagaaggtggecgcggggtaaactgggaaagtgat
gtcgtgtactggctecgectttttcccgagggtgggggagaaccgtatataagtgcagtagtcgeecgtgaacgttetttttcgcaacgggtttgccgccagaacacaggtgte
gtgacgcggttccggttaaggtgaacgcgtgcaggetggegecaccatgggtatggaccactacctegacattcgettgcgaccggacceggaatttccecececggegeaa
ctcatgagegtgctcttcggcaagetclBlicaggcecctggtggcacagggeggggacaggatcggegtgagettcccegacctcgacgaaagecgcteceggetggg
cgagcgcctgcgceattcatgcctcggeggacgaccttegtgeectgetcgeceggeccetggetggaagggttgcgggaccatetgcaattcggagaaccggeagtegtg
cctcaccccacaccgtaccgtcaggtcagtcgggticaggcgaaaagcaatccggaacgectgecggeggeggctcatgecgeccggcacgatetgagtgaggaggagg
ctcggaaacgcattccecgatacggtcgcgagagcecttggacctgeccttcgtcacgctacgcageccagageaccggacagceacttcegtetcttcatccgecacgggee
gttgcaggtgacggcagaggaaggaggattcacctgttacgggttgagcaaaggaggtttegttccctggttcggtggcggaggtactagtggaggtg Gatecadaaas

pHAGE_EFS_
Csy4 WT ANLS

Gggcagagcgcacatcgcccacagtccccgagaagttggggggaggggtcggeaattgaaccggtgcctagagaaggtggecgecggggtaaactgggaaagtgat
gtegtgtactggctecgcectttttcccgagggtgggggagaaccgtatataagtgcagtagtcgecgtgaacgttctttttcgcaacgggtttgccgeccagaacacaggtgte
gtgacgcggttccggttaaggtgaacgcgtgcaggcetggecgecaccatgggtatggaccactacctcgacattcgettgcgaccggacceggaatttcccccggegeaa
ctcatgagegtgctcttcggcaagctclBlicaggecctggtggcacagggeggggacaggatcggegtgagettceeegacctcgacgaaagecgcteceggetggg
cgagcgcctgcgcattcatgcectcggeggacgaccttcgtgecctgetcgeceggeccetggetggaagggttgcgggaccatctgcaattcggagaaccggeagtegtg
cctcaccccacaccgtaccgtcaggtcagtcgggticaggcgaaaagcaatccggaacgcecetgecggeggeggctcatgecgecggeacgatctgagtgaggaggagg
ctcggaaacgcattcccgatacggtcgcgagagecttggacctgcccttcgtcacgctacgcagccagagcaccggacageacttcegtctcettcatccgecacgggee
gttgcaggtgacggcagaggaaggaggattcacctgttacgggttgagcaaaggaggtttcgttccctggttctaa

pCAG_EGFPd2 with
5 possible CsyTag
sites

ctcctgggcaacgtgetggttattgtgctgtetcatcattttggcaaagaattgticactgccgtataggcag®ctaagaaacggacgggcttceeccagticactgecgtatagg

cag“ctaagaaaacaggcggaagcggaagticactgcecgtataggcag®ctaagaaactgcagtcgacggtacgticactgccgtataggcag*ctaagaaagtace

gcgggeccgggatccaccggtegecac

ElEggaieaataiaEgatococggccggccyticactgeegtataggcag* ctaagaaaggecgeactcctcaggtgcaggetgcctatcagaaggtggtggetggtgt
ggccaatgccctggcetcacaaataccactgagatctttttccetctgccaaaaattatggggacatcatgaagecccttgagceatctgacttctggctaataaaggaaatttatt
ttcattgcaatagtgtgttggaattttttgtgtctctca
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Table 0-12: gPCR ampilification primers.

Primer Sequence [5'...3’]
Q-EPCAM-f ctccatgtgctggtgtgt
Q-EPCAM-r tottttagttcaatgatgatccagta

Q-TFRC-new-f agggatacctttcgtccctg
Q-TFRC-new-r ccggatgcttcacattttge

Q-CXCR4-f agcatgacggacaagtacagg
Q-CXCR4-r gatgaagtcgggaatagtcagc
Q-REEPS-f tttggctacccagectacatc
Q-REEPS-r caacaggaagccacacttcagc
Q-LIN28A-f ctgtaagtggttcaacgtgcg
Q-LIN28A-r cttcaagctccggaaccctt
Q-ASCL1-fn cggtctcatcctactcgtceg
Q-ASCL1-rn gatcaccctgcttccaaagtc

Q_gRNA_f gtttgagagctagaaatagcaagt

Q_gRNA _cut_r gacctgctctggggtcag

Q_gRNA_full_r tggcacacatgggtgatcc
Q_BleoR_BG_f tgatgaacagggtcacgtcg
Q_BleoR _BG_r caagttgaccagtgccgttc




