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List of abbreviations

Name Description

a3A3L scFv-GCN4-DNMT3ACD-DNMT3LCD
AP-2 activation protein 2

ATAC-seq assay for transposase-accessible chromatin using sequencing
BC breast cancer

bp base pair

Cas CRISRP-associated

CGl CpG island

CRC colorectal cancer

CRISRP clustered regularly interspaced short palindromic repeats
DBD DNA binding domain

dCas catalytically inactive Cas

dCas9S dCas9-10xSunTag

DMEM Dulbecco’s Modified Eagle’s Medium
DNase-seq | DNase | hypersensitive sites sequencing
DNMT DNA methyltransferases

DNMT3ACD | the DNMT3A catalytic domain
DNMT3LCD | the DNMT3L C-terminus

dsRNA double-stranded RNA

EC endothelial cell

ECM extracellular matrix

EMT epithelial-mesenchymal transition

FACS Fluorescence-activated cell sorting

FCS fetal calf serum

FLTA Fms-like tyrosine kinase 1

GCN4 general control protein 4

gDNA genomic DNA

H3K27me3 | histone H3 lysine 27 trimethylation
H3K4me3 histone H3 lysine 4 trimethylation




H3K9me2/3

histone H3 lysine 9 di- and trimethylation

H4K20m3 histone H4 lysine 20 trimethylation

HEK293 Human embryonic kidney 293

KDR kinase domain region

LB lysogeny broth

NGS next-generation sequencing

PAM proto-spacer adjacent motif

PBS Dulbecco’s Phosphate Buffered Saline
PTGS post-transcriptional gene silencing

PTM post-translational modification

RISC RNA-induced silencing complex

RNAI RNA interference

scFv single-chain variable fragment

sgRNA single guide RNA

siRNA short interfering RNA

SP1 specificity protein 1

SP3 specificity protein 3

STAT-3 signal transducer and activator of transcription 3
TALE transcription activator-like effector

TE Tris-EDTA

TET ten-eleven translocation

TPE Tris-phosphate-EDTA

VEGF vascular endothelial growth factor

VEGFA vascular endothelial growth factor A

VEGFB vascular endothelial growth factor B

VEGFC vascular endothelial growth factor C
VEGFD vascular endothelial growth factor D
VEGFR1 vascular endothelial growth factor receptor 1
VEGFR2 vascular endothelial growth factor receptor 2
ZFP zinc finger protein




1 Introduction

1.1 Cancer

The term cancer covers multiple diseases, which are characterized by the
appearance of abnormal cells harbouring “essential alterations in cell physiology
that collectively dictate malignant growth: self-sufficiency in growth signals,
insensitivity to growth-inhibitory (antigrowth) signals, evasion of programmed cell
death (apoptosis), limitless replicative potential, sustained angiogenesis, and
tissue invasion and metastasis”, “reprogramming of energy metabolism and
evading immune destruction” [1], [2]. Despite decades of intensive research
aimed at the investigation of tumorigenesis and development of therapies, cancer
occupies the second position of the leading causes of mortality with

approximately 9.6 million deaths worldwide in 2018 [3].

Tumorigenesis is a multi-step process that requires accumulation of numerous
mutations in cells [4]. There are two general mechanisms of how genetic
abnormalities induce and promote tumorigenesis: (a) an increase in activity of
growth-promoting genes, so-called oncogenes, and (b) a reduction of activity of
tumor suppressor genes. Mutations can either change the expression of
oncogenes and tumor suppressor genes or alter properties of the proteins they
encode. Various mutations identified in cancer cells can be classified into two
groups based on their impact on tumorigenesis: “driver” mutations, which bring
growth advantages to cells and “passenger” mutations, which do not possess
such properties [5]. Tumor sample whole-genome sequencing studies have
identified at least 299 cancer-associated “driver genes”, which are shared across
tumor types tumorigenesis [6]. An average tumor contains two to eight mutations

in “driver genes” and dozens of “passenger” mutations [7].

A modern anticancer treatment includes “classical” therapeutic approaches such
as surgery, radiotherapy and chemotherapy, as well as many drugs of a new
generation that have been developed to target specific molecules in cancer
signaling. This so called targeted therapy includes tyrosine kinase inhibitors,

immune checkpoint inhibitors and many others [8] (Figure 1). Concepts of



antiangiogenic therapy as the main focus of the current project will be discussed

in more detail in the next paragraph.
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Figure 1. Examples of targeted anticancer therapy.
Exemplary groups of therapies are formed based on their targeting of specific cancer hallmarks.
Figure taken from [2].

1.2 Angiogenesis, VEGFA and its receptors

Growth of tissues and organs during embryogenesis and afterward is supported
by a network of blood vessels, which brings nutrients, oxygen, hormones and
removes metabolites. The formation of blood vessels from pre-existing vessels,
termed as angiogenesis, takes place mainly during body growth but in rare cases
also in adults, such as healing of damaged tissue or growth of skeletal muscles
[9]. Apart from normal physiological angiogenesis various pathophysiological
processes include angiogenesis, for example age-related macular degeneration,

inflammatory and autoimmune disorders and tumor growth [9], [10].

Angiogenesis is initiated in tissues, which under growth conditions experience

hypoxia. To stimulate extension of neighboring vessels in their direction, they



secret pro-angiogenic factors. The most important regulator of angiogenesis is
vascular endothelial growth factor A (VEGFA) discovered by Genentech scientist
Napoleon Ferrara in 1989 [11]. It is secreted by various parenchymal cells and
works in a paracrine manner: it diffuses into the extracellular matrix (ECM) and
binds receptors on the cellular membrane of local endothelial cells (ECs). VEGFA
stimulates migration and proliferation of endothelial cells, increases vascular
permeability and mediates physiological and pathological angiogenesis [12]-[14].
VEGFA belongs to the family of VEGF growth factors, which also includes
VEGFB [15], VEGFC [16], VEGFD [17] and placental growth factor [18]. Four
main isoforms of VEGFA of 121, 165, 189, and 206 amino acids in length [19]-
[21] and four additional variants, of 145, 162, 165b and 183 amino acids, which
appear less frequently [20], [22]-[24], have been characterized. They all are

products of one gene generated by alternative splicing.

Expression of VEGFA is regulated at the transcriptional level by a plethora of
stimuli, including hormones [25], [26], cytokines [27], [28] and growth factors [29],
[30]. The VEGFA promoter integrates all these different pathways via specific
transcription factor binding sites, including hypoxia response elements [31],
estrogen response elements [25] and binding sites for multiple transcription
factors such as specificity protein 1/specificity protein 3 (SP1/SP3)[32], [33],
activation protein 2 (AP-2)[33], [34] and signal transducer and activator of
transcription 3 (STAT-3)[35].

After secretion, VEGFA interacts with the ECM and undergoes proteolytic
cleavage by several proteases, including matrix metalloproteinases [36],
urokinase [37] and plasmin [38]. The latter one has pleiotropic regulatory effects,
such as activation and release of VEGFA from ECM storage or its degradation
[39]. VEGFA acts as a homodimer via stimulation of the specific VEGF receptors
(VEGFRs) located on the surface of target cells. VEGFRs are found in endothelial
and various non-endothelial cells [40]. VEGFRs are receptor tyrosine kinases,
binding of VEGFA leads to their dimerization, auto- and trans-phosphorylation,
which initiates signal transduction [41]. VEGFR1 (the alternative name is Fms-

like tyrosine kinase 1, FLT1) and VEGFR2 (also named as kinase domain region,



KDR) are the main mediators of the VEGFA signaling in angiogenesis [42], [43].
VEGFR2 possesses a stronger kinase activity and is the key mediator of VEGFA-
dependent angiogenesis [44], whereas VEGFR1 has higher affinity to the VEGFA
and in addition to its own signaling and is thought to modulate the activity of
VEGFR2 [45], [46].

1.3 Role of the VEGFA/VEGFRSs axis in cancer

Already two decades before, when VEGFA was discovered, experiments showed
that solid tumors stop growth when reaching 2-3 mm in diameter but can continue
growth after neovascularization. Tumor implants in mice stimulate ECs of
neighbouring capillaries and venules, which is an extremely fast process that can
be detected as soon as six hours after tumor cells transplantation and only three
days are needed for new capillaries to penetrate the implant [47]. These early
discoveries initiated studies on tumor angiogenesis and development of anti-
angiogenic drugs for cancer treatment. Neovascularisation of tumors occurs via
different mechanisms, including sprouting angiogenesis, intussusceptive
angiogenesis, vasculogenesis, recruitment of endothelial progenitor cells,
vascular mimicry and trans-differentiation of cancer stem cells, which are shown

schematically on Figure 2.

Different factors are involved in tumor vascularisation but the leading role is taken
by VEGFA. Significant VEGFA overexpression was detected in various cancers
and associated with poor clinical prognosis [48], [49]. ErbB2, a transmembrane
receptor tyrosine kinase, which is often overexpressed in human breast cancer
[50] and stimulates expression of VEGFA via the hypoxia responsive element
and the SP1 binding sites in the core promoter [51]. SP1 activates VEGFA

expression in trastuzumab-resistant ovarian cancer cells [52].
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Figure 2. Different mechanisms of neovascularisation in tumors.

Vessel formation in tumors undergoes using one of the following pathways. a Outgrowth of new
branches from existing vessels. b Bifurcation of an existing vessel in two. ¢ Formation of vessels
de novo: from endothelial progenitor cells (EPCs). d Extension of existing vessels upon
recruitment of EPCs circulating in blood. e Vascular mimicry — formation of pseudovessels by
tumor cells. f Differentiation of cancer stem cells (CSCs) to endothelial cells (ECs). Figure is taken
from [53].
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The initial paradigm assuming that the VEGFRs are expressed predominantly on
endothelial cells of blood and lymphatic vessels and the VEGFA/VEGFRs axis
regulates angiogenesis and vascular permeability, was expanded later. It was
shown that ECs express VEGFA that acts in an autocrine manner and that is
required for survival of ECs and the homeostasis of blood vessels [54].
Expression of VEFGA and its receptors was detected in various tumors including
non-small cell lung carcinomas [55], urinary bladder cancer [56], breast cancer
(BC) [57], colorectal cancer (CRC) [58] and many others. An autocrine
mechanism of VEGFA on growth of meduloblastoma cells [59] and BC cell lines
[57] was proposed via VEGFR1 and VEGFR2 signaling. It was shown that
treatment of human pancreatic cell lines with VEGFA induces epithelial-
mesenchymal transition (EMT) via VEGFR1 [56]. VEGFA is a poor prognosis
factor in CRC and BC, and it stimulates migration and invasion of CRC cell lines
via VEGFR1 [58], as well as invasion and proliferation of BC cell lines [57], [60].



VEGFR2 up-regulated in gastric cancer promotes tumorigenesis by stimulating

cell proliferation and invasion [61].

1.4 Epigenetics and regulation of gene expression

The last decades of intense research have discovered a new layer of genome
regulation, which is called epigenome. The term epigenome covers all aspects of
regulation of gene expression leading to stable inheritable cellular phenotypes
without underlying changes of the genome sequence. In other words, the field of
epigenetics studies mechanisms how cells of multicellular organisms, such as
humans, generate and maintain divers phenotypes having identical genetic
material. This becomes possible because genomic DNA is stored within the cell
nucleus as chromatin (Figure 3) [62]. Four types of histone proteins, H2A, H2B,
H3 and H4, two copies of each, fold in an octamer, which binds a 145-147 base
pair stretch of DNA to form a nucleosome, the minimal structural unit of chromatin
[63]. The N-terminal tails of histone proteins pointing out of the packed histone
core are freely accessible to chromatin-interacting proteins and undergo various
post-translational modifications (PTMs) such as acetylation, methylation,

phosphorylation, ubiquitination and many others [64].
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Figure 3. Chromatin structure modulated by epigenetic mechanisms regulates gene
expression.

Two types of chromatin, closed, compact transcriptionally inactive heterochromatin and open,
accessible for transcription factors euchromatin, are formed by chromatin marks, modifications of
DNA and histone tails, regulating gene expression. Figure taken from [65] , which is distributed
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). Caption was modified.

The expression of genes is dynamically regulated by epigenetic signals also
termed as chromatin marks or epigenome marks, which modulate accessibility of
chromatin making it more open, transcriptionally active, or closed, where
transcription is repressed or completely silenced [66]. The most studied
chromatin marks are histone tail PTMs and methylation of DNA. Examples of
active chromatin marks are histone H3 lysine 4 trimethylation (H3K4me3) and
acetylation of lysines on histones H3 and H4 [67]. Repressive chromatin marks
include methylation of histone H3 at lysine 9 (H3K9me2/3) and 27 (H3K27me3),
methylation of lysine 20 at histone H4 (H4K20m3) and DNA methylation [68]. The

chromatin marks are enzymatically deposited (by “writers”) and removed (by
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“erasers”) by chromatin-modifying enzymes and form a so called “histone code”
[69], which is decoded by “readers” (Figure 4). All these complex mechanisms
allow for a dynamic regulation of genome activity and access in response to

internal and environmental signals [70].
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Figure 4. Writers, readers and erasers of chromatin marks.

Chromatin landscape is formed by chromatin-modifying enzymes: Write — sets a chromatin mark,
Eraser — removes a chromatin mark. Information encoded in chromatin marks is interpreted by
chromatin-interacting proteins - Readers.

1.4.1 DNA methylation

Methylation of human DNA takes place at cytosines, predominantly at CG
dinucleotides also named as CpG sites [71]. About 1 % of cytosines are
methylated, which corresponds to 60-80 % methylated CpG sites. Whole-
genome DNA methylation profiling of different cell lines revealed that there is a
bimodal distribution of DNA methylation in the human genome, meaning that
regions tend to be either strongly methylated or unmethylated [72], [73]. Three
DNA methyltransferases (DNMTs) were identified in human cells, DNMT1 [74],
DNMT3A and DNMT3B [75]. DNA methylation is set in a cell-type specific manner
during embryonic development by de novo enzymes DNMT3A and DNMT3B [76],
[77]. Besides them, there is the DNMT3L protein, which has a similar structure,
but does not possess catalytic activity [78], [79]. It forms complexes with DNMT3A
and DNMT3B enzymes and enhances their catalytic activity [80], [81].
Crystallographic studies discovered that the DNMT3A catalytic domain
(DNMT3ACD) and the C-terminal part of DNMT3L (DNMT3LCD) form a linear
heterotetramer, where one DNA molecule is bound by the two DNMT3ACD
molecules located centrally and interacting with each other and with two
molecules on DNMT3LCD positioned at the sides of the tetramer thereby forming



a minimal enzymatic unit [82]. Moreover, DNMT3A alone forms homodimers,
which can oligomerize in two directions, making protein filaments able to bind
multiple DNA at the same time and along one DNA molecule, which facilitates
methylation of target regions [82], [83]. DNA methylation patterns are copied
during DNA replication by the maintenance enzyme DNMT1 [84]. It binds
preferentially to hemimethylated CpG sites generated during DNA replication,
and methylates in the unmethylated DNA strand, which leads to formation of fully
methylated CpG sites [85], [86].

All methylated CpG sites of a cell constitute the cell-type specific methylome, also
referred to as DNA methylation pattern, which plays a key role in genome usage
[71], [87]. Multiple experimental evidences confirm that DNA methylation is a
repressive epigenetic signal and methylation of CpG sites in gene promoters
results in a stable gene silencing [87], [88]. Promoters with a very high or
intermediate CpG density, termed CpG islands (CGls) and weak CGls,
respectively, demonstrate the strongest response to methylation [72], [88].
Examples of DNA methylation-dependent transcription repression are gene
silencing [89], [90], X-chromosome inactivation [91], suppression of transposable
elements [92], [93] and genomic imprinting [94], [95]. Interestingly, the level of
methylation in gene bodies positively correlates with their expression level, but
the functionality of this phenomenon is not jet completely understood [96], [97].
There are two hypotheses on this, one proposes that gene-body methylation
prevents an intragenic transcription initiation [98], while another speculates that
it is a consequence of an open chromatin at the actively transcribed genes, which
makes DNA more accessible to DNMTs [99].

1.5 Therapeutic targeting of the VEGFA/VEGFRs axis in cancer

As discussed earlier, VEGFA and its receptors contribute to tumorigenesis via
angiogenesis-dependent and independent mechanisms, which made them
promising targets for development of anticancer therapies. Inhibition of a protein
function can be realized at three levels: at the protein itself, at the mRNA and at
the gene level. At the protein or post-translational level, one may develop protein-

specific inhibitors [100], [101], regulate protein degradation [102] or influence



activation of target proteins by PTMs [103]. At the mRNA or post-transcriptional
level, one can inhibit translation from mRNA or decrease mRNA abundance
inducing its degradation [104]. At the gene level, one would need to develop
approaches for targeted and regulated silencing of the transcription of gene
encoding target proteins [105]. Various therapeutic approaches targeting
VEGFA, VEGFR1 and VEGFR2 at all three levels have been developed and
some of them have been introduced into routine cancer treatment practice. The

most interesting strategies, according to the author, will be described in details.

1.5.1 Inhibition of the VEGFA/VEGFRs axis at the post-translational level

The first example of VEGFA inhibiting drug was the discovery of anti-VEGFA
monoclonal antibodies in 1993 by Genentech. These antibodies bind extracellular
VEGFA and prevent its interaction with corresponding receptors, reducing tumor
growth in vivo via inhibition of tumor angiogenesis [106]. The efficiency of the
therapy was shown in mice after the subcutaneously injected tumor cells: three
cell lines were tested and 70 to 95 % of growth inhibition was reported. In contrast,
there were no inhibitory effects on tumor growth in vitro, which confirms an anti-
angiogenesis-based mechanism not acting via the autocrine pathway.
Bevacizumab (Avastin), a humanized version of the monoclonal anti-VEGFA
antibodies, was generated in 1997 and confirmed findings observed with the
original mouse anti-VEGFA antibodies (Figure 5) [107]. Since then, numerous
clinical trials analysing efficiency and safety of Bevacizumab have been

conducted (2624 entries at https://clinicaltrials.gov database, accessed on 11

August 2020) and it was approved for clinical use in a combination with
antineoplastic agents as the first- and second-line treatment of multiple types of
cancer [108]-[110]. Clinical benefits are achieved via improvement of overall

and/or progression-free survival of patients.
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Figure 5. Mechanism of action of the antiangiogenic drug Bevacizumab.
Intravenously administrated Bevacizumab binds VEGFA, prevents its interaction with VEGFRs
and inhibits tumor angiogenesis. Figure is taken from [111].

Similarly, antibodies inhibiting VEGFR1 and VEGFR2 were developed. Anti-
VEGFR1 monoclonal antibodies suppressed growth of breast xenografts in mice
increasing apoptosis of tumor cells [60]. Anti-VEGFR1 human monoclonal
antibody, Icrucumab, inhibits stimulation by ligands and blocks downstream
signaling of VEGFR1. A Phase | clinical study demonstrated potential for
treatment of advanced solid malignancies, which do not respond to standard
therapy and those for whom standard therapy was not available [112]. In total, 4
studies of Icrucumab have been conducted (https://clinicaltrials.gov, accessed on
28 Jul 2020). Specific anti-VEGFR2 antibodies, Ramucirumab, showed reduction

of tumors in clinical trials in patients with advanced solid malignancies [113]-

[115]. There are 117 studies for Ramucirumab of which 57 are active/recruiting

patients (https://clinicaltrials.gov, accessed on 28 Jul 2020). It is approved as a

single agent and in combination with other drugs for treatment of advanced or
metastatic gastric cancer, some types of metastatic non-small cell lung cancer,

metastatic colorectal cancer and hepatocellular carcinoma.

All these antibody-based therapeutics have a common approach — they aim for
inhibition of extracellular target proteins but do not change their abundance and

require regular intravenous injections.

1.5.2 RNA interference-based anti-VEGFA/VEGFRs therapeutics
RNA interference (RNAI) is a mechanism of gene silencing at the level of mMRNA
mediated by short complementary RNAs. Post-transcriptional gene silencing

11
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(PTGS) effecting abundance of mMRNAs was observed in plants [116], [117].
Experimentally PTSG can be induced by delivery to cells of plasmid vectors
encoding antisense sequences of targeted mRNAs [118]. Finally, sequence-
specific gene silencing upon delivery of short double-stranded RNAs, RNAI, was
demonstrated for the first time in the nematode Caenorhabditis elegans [119].
Multiple studies in the following years showed that RNAi is a general natural
mechanism used by a broad range of eukaryotes including Homo sapiens to
control gene activity [120], [121]. Short interfering RNAs (siRNAs) are double-
stranded RNAs of 21-23 nt with 2 nt overhangs at 3’-ends [122] (Figure 6).
Endogenously, they are generated from long double-stranded RNAs (dsRNAs)
by a nuclease Dicer [123], [124]. Exogenous or native siRNAs form a complex
with proteins forming the RNA-induced silencing complex (RISC), where the
sense strand is degraded and a mature complex guided by an antisense strand
of the siRNA interacts with and cleaves a target mMRNA by the Argonaute subunit
of RISC [125]-[127].

RNAIi was used in vitro to knock down VEGFA expression with siRNAs designed
to target VEGFA reduced VEGFA expression in ovarian carcinoma and
melanoma cells [128]. Anti-VEGF siRNAs were able to inhibit proliferation,
migration and invasion of human hilar cholangiocarcinoma cell lines [129].
Systemic injection of siRNAs reduced fibrosarcoma cells growth and tumor
vascularization in mice tumor model [130]. Direct intratumoral injection of anti-
VEGF siRNAs inhibited VEGF secretion, tumor growth and tumor angiogenesis
in a xenograft prostate cancer model [131]. Also, siRNA specific to VEGFR2
demonstrated down-regulation of VEGFR2, suppression of tumor growth and
tumor angiogenesis after intravenous administration in a mouse tumor model
[132]. Simultaneous targeting of VEGFA, VEGFR1/2 showed high efficiency of

neovascularisation inhibition in ocular angiogenesis model [133].

At the moment there are no approved siRNA-based therapies for cancer
treatment, but several drugs are in clinical trials testing their inhibitory effects on
macular neovascularisation, such as AGN 211745, siRNA against VEGFR1, and

12



bevasiranib, anti-VEGFA siRNA (data are taken from https://clinicaltrials.gov,
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Figure 6. siRNA-mediated gene silencing.
Double-stranded siRNAs delivered into cells are processed by RISC, an antisense strand is used
for degradation of a target mMRNA catalyzed by Argonaute.

1.5.3 Repression of VEGFA and VEGFRs expression by epigenome editing
The next level, at which one may try to develop therapeutic intervention, is the
regulation of expression of target genes. As discussed above, expression of
genes is controlled via accessibility of chromatin to transcriptional factors, which
is mediated by chromatin marks. The functions of many chromatin marks as well
as of the enzymes, which deposit or remove these marks are well characterized,
which led to the concept of epigenome/epigenetic editing. According to De Groote
and colleagues epigenetic editing is defined as “targeted rewriting of epigenetic
marks to modulate expression of selected target genes” [105]. However, the term
epigenetic editing implies that introduced modifications of epigenome are
principally heritable, which is not always the case, therefore epigenome editing

will be used in this work.
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Figure 7. The concept of targeted epigenome editing.

EpiEditors are chimeric proteins, composed of DNA binding domain and a chromatin-modifying
enzyme, designed to deposit or remove chromatin marks on DNA (A) or histone tails (B) at target
genomic loci. Figure taken from [134].

Targeted epigenome editing can be achieved by designed chimeric proteins, also
known as EpiEditors (Figure 7) that contain two functional units, a DNA binding
domain (DBD) and a chromatin-modifying enzyme [134]. DBDs are constructed
with DNA sequence-specificity allowing to bring the EpiEditor to the target
genomic locus. The chromatin-modifying enzyme alters local histone tails or DNA
by introducing or removing selected epigenome marks. The EpiEditor genes are
delivered into target cells via plasmid DNA or viral vectors, where they are
expressed and generate the desired chromatin state changing the transcription

of the target genes.

DBDs of three types have been used until now, zinc finger proteins (ZFPs),
transcription activator-like (TAL) effector (TALE) proteins and clustered regularly
interspaced short palindromic repeats (CRISRP)-associated (Cas) proteins
(Figure 8). ZFPs were the first utilized DBDs for targeting to specific genome
regions, they consist of zinc-fingers, each of those binds 3 bps of DNA [135]. A

lot of human ZFPs with different sequence specificity have been identified and
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many new ones were generated. Multiple fingers can be fused together to
produce a protein with a long recognition sequence to achieve a unique targeting
in complex genomes as human [136]. TALE proteins were identified in bacteria
of genus Xanthomonasin, they contain a central domain of tandem repeats,
where one repeat recognizes one DNA base pair [137], [138]. The TALE'’s
repeats can be assembled in arrays to generate DBDs with a customizable
sequence specificity [138], [139]. Both ZFPs and repeats of TALEs utilize a
modular structure but demand intensive protein engineering to generate a novel

DBD with required sequence specificity.

a Zinc-finger proteins

b Transcriptional activator-like effectors

5 =D OO0

C CRISPR-Cas9 RNA-guided DNA targeting

5

(
TN—EE0000000-0000000 ¢
o

Protospacer

Figure 8. The most commonly used DBDs.

Schemes depicting functional elements of three types of DBDs and crystal structures of their
complexes with DNA are shown. In the case of CRISPR/Cas9 a tripartite complex of Cas9 with
DNA and a gRNA is shown in the crystal structure. a ZFPs. b TALEs. ¢ CRISRP/Cas9. Figure
taken from [140].

The last group of DBDs, Cas proteins, were discovered in bacteria as a
component of their adaptive defense system CRISPR/Cas [141]. Cas proteins
are nucleases which use short RNAs complementary to viral genomic DNA for
targeting a DNA site. They form a DNA/RNA duplex and then cleave both DNA
strands. Shortly after their discovery, CRISPR/Cas systems were adopted for the
regulation of gene expression via targeting to a specific genomic locus [142]. In
the current state of the art, Cas-based DBDs comprised of a catalytically inactive
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Cas protein (dCas) and a single guide RNA (sgRNA) [143], [144]. The most
widely used dCas protein is a dCas9 derived from S. pyogenes and to lesser
extent another one cloned from S. aureus. Structurally sgRNAs contain a 20 nt
guide sequence complementary to the target genomic DNA and a scaffold part
required for the interaction with Cas proteins [143], [145]. The Cas/sgRNA
complex requires the presence of proto-spacer adjacent (PAM) motifs for the
interaction with DNA [146]. It is a short DNA motif (mostly 2-6 base pairs long)
positioned directly at the 3’-end of the target DNA sequence, the sequence of
which depends on the type of the CRISPR-Cas system. Of the three DBDs the
dCas9/sgRNA system gained popularity very rapidly, since its retargeting is very
straightforward and requires only to provide a new sgRNA with the desired
sequence specificity [147]-[149]. Hence, it does not involve unpredictable protein

engineering as for ZFPs and TALEs.

The second functional unit of EpiEditors is a chromatin modifying enzyme - or in
a broader sense — an isolated catalytic domain or a protein/domain that can
recruit a chromatin-modifying enzyme. Various proteins have been used for this
purpose, demonstrating the general feasibility of this approach. Activation of gene
expression was achieved via targeted acetylation of histone H3 lysine K27 at
promoters or enhancers mediated by the catalytic core of the acetyltransferase
p300 [150]. Genes silenced by promoter methylation were activated via DNA
demethylation triggered by the ten-eleven translocation (TET) dioxygenase1
catalytic domain [151]-[153]. Targeted gene silencing has been demonstrated
upon use of EpiEditors setting repressive chromatin marks as methylation of
histone H3 lysine 9 [154]-[156], methylation of histone H3 lysine 27 [156], [157]
and methylation of DNA.

The concept of targeted DNA methylation for gene silencing was proposed in
1997 [158] and the first artificial protein consisting of the ZFP and the M.Sssl
methyltransferase from Spiroplasma species was produced as well. The fusion
proteins methylated in vitro only substrates containing the ZFP binding site but
not the substrate without this sequence. The first in vivo proved targeted activity

was published in 2003 by Carvin and colleagues [159], who used a bacterial
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methyltransferase M.CviPl fused to transcriptional activator PHO4 to target
methylation to the PHO gene in yeast Saccharomyces cerevisiae. The same
group showed later the in vivo activity of the ZFP fusions with M.Sssl or M.CviPI
in yeast cells [160]. The first demonstration of targeted methylation in human cells
was published in 2007 by two groups, in both cases designed EpiEditors used
ZFPs as DBDs. One publication reported the catalytic domains of DNMT3A and
DBNMT3B [161] and the second used mutants of the Hpall and Hhal

methyltransferases as effector domains [162)].

The first prove of DNA methylation-based transcription repression after de novo
methylation using ZFPs fused to DNMT3ACD and DNMT3BCD was done in
HEK293 cells using a reporter plasmid [161]. Next, repression of transcription
from the genomically integrated reporter via transient expression of ZFP-Hpall
fusion in NIH/3T3 cells was observed [163] and additional loss of H3K4me3 and
gain of H3K9me2 was observed. The first silencing of endogenous genes Maspin
and SOX2 in breast cancer cells, leading to a stable repression and
reprogramming of cancer phenotype, was achieved using designed ZFPs-fused
with to DNMT3ACD [164]. Afterward, several studies have reported targeted
deposition of DNA methylation and silencing of corresponding target genes using
EpiEditors based on TALE [165], [166] or CRISPR/dCas [153], [167]-[169] DBDs.
The most recent modification of the dCas9-based targeting is its fusion with the
so called SunTag [170]. The SunTag is a repeat of up to 24 peptides from the
general control protein 4 (GCN4), which works as a binding platform for proteins
fused to a single-chain variable fragment (scFv) antibody against the peptide.
This strategy has been used for the epigenome editing and confirmed its
efficiency due to recruitment of multiple chromatin-modifying enzymes [152],
[171], [172]. Various DNA methyltransferases have been used as effector
domains, the most frequent of those are the full-length DNMT3A, DNMT3ACD,
and the DNMT3ACD-DNMT3LCD fusion [153], [166]-[169], [171]-[174].

One of the major problems of the approach is methylation of untargeted loci, also
referred to as off-target activity. Untargeted DNA methylation was already

documented in two early studies, which authors explained by interaction of
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methyltransferases with DNA [159], [160]. To reduce off-target DNA methylation
mutagenesis of the methyltransferases Hpall and Hhal was done, it led to
reduction of activity or reduction of affinity to DNA, which increased specificity
[162]. Another approach tested to reduce off-target methylation is generation of
a split methyltransferase. The coding sequence of the enzyme is divided into two
parts, each of which is fused to two different ZFP, which bind neighboring DNA
sequences. Because a functional methyltransferase assembles only upon
binding of both fusion proteins to their target sequences, off-target binding is
reduced [175]. This approach was tested in E. coli overexpressing fusion proteins
and a plasmid with the target sites as a substrate for methylation. It is important
to mention that despite simplified design of EpiEditors and improved editing
specificity following the implementation of new DBDs such as TALEs and dCas9,
several recent reports showed off-target methylation at many loci genome-wide
originating from untargeted activity of DNA methyltransferases, indicating that still
more specific EpiEditors are needed [171], [173], [174].

The first attempt to regulate expression of VEGFA was conducted in 2001, when
the group of A. Wolffe designed several synthetic zinc finger proteins (ZFPs)
targeting different sequences in DNasel-hypersensitive regions within the
VEGFA promoter [176]. They fused ZFPs with VP16 or p65 transcriptional
activators, which upon recruitment to the promoter activated transcription of the
VEGFA gene. Much later the same ZFP was used in another study aiming to
silence VEGFA expression. DNMT3ACD or DNMT3ACD-DNMT3LCD fused to
the ZFP were used for targeted methylation of the VEGFA in the ovarian cancer
cell line SKOV3 [177]. The artificial fusion protein DNMT3ACD-DNMT3LCD was
10 times more active in vitro than the DNMT3ACD alone [177]. Both constructs
demonstrated de novo methylation at the target region, addition of the
DNMT3LCD increased deposition of DNA methylation by two-fold (up to 49%).
The VEGFA expression was reduced by 36 and 56 % after transient transfection
of the ZPF-DNMT3ACD and ZPF-DNMT3ACD-DNMT3LCD respectively. Later,
the same ZPF-DNMT3ACD fusion protein was delivered into SKOV3 cells via
adenoviral transduction and a time course showed that the methylation reached

its maximum at day 5. Afterwards, however, it gradually decreased following the
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loss of expression vector in the cells [178]. This lack of stability is not limited to
the VEGFA gene but a more general phenomenon, thus indicating that further

improvement of the technology is needed for stable gene repression.

1.6 Aims of the study

Anti-VEGFA and anti-VEGFRs therapy using various inhibitors demonstrated
efficacy in multiple clinical trials and is now in routine use in clinical practice for
the treatment of different malignancies. Targeting the VEGFA/VEGFRs axis has
dual functions resulting in (a) reduction of tumor angiogenesis and slowing tumor
growth and (b) blocking of autocrine and paracrine effects of VEGFA on cancer
cells leading to inhibition of cell proliferation, invasiveness and EMT. Compared
to inhibitors, which require regular repetitive administrations, epigenome editing
to silence VEGFA, VEGFR1, VEGFR2 genes has the potential of simultaneous

stable inactivation of these genes at the transcriptional level.

Previous in vitro studies successfully demonstrated that targeted DNA
methylation of the VEGFA promoter using ZPF-based EpiEditors results in a
reduction of VEGFA expression, but only moderate levels of methylation were
achieved. In addition, multiple studies reported significant off-target effects of
EpiEditing, which may potentially lead to silencing of undesired genes and
prohibit prospective clinical application. Hence, the development of more specific
EpiEditors is urgently needed. Lastly, a promising way to increase potency of the
therapeutic approach is to target VEGFA and its receptors simultaneously, since
this would inactivate three nodes in the pathway. Compared to the concomitant
use of two or three anti-VEGFA/VEGFRs drugs in clinics, which would drastically
increase treatment costs, gene silencing using epigenome editing has the

capability to implement multiplex gene targeting for the cost of one gene.

Based on these considerations, the following aims have been set for the current

study:

1) Develop a strategy to achieve effective methylation of the VEGFA

promoter
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2)

3)

4)

The first step will be to change the genomic targeting module of EpiEditors
from ZPF- to the CRISPR/Cas9 technology. This will allow to use and
develop dCas9-based systems. For example, the dCas9-10xSunTag
vector able to recruit up to ten effector domains will be applied and tested
for its efficiency at the VEGFA locus. Additionally, the most active DNA
methyltransferase, the artificial DNMT3ACD-DNMT3LCD, will be used as
the effector domain.

Establish multiplex methylation of the VEGFA, VEGFR1 and VEGFR2
promoters

Use of the CRISPR/Cas9 technology will also allow to set DNA methylation
at multiple genes using dCas9 as the DBD and sgRNAs targeting
individual genes. Towards this end, sgRNAs targeting the VEGFA-
pathway genes will be designed and the efficiency tested by analyzing
DNA methylation at the target loci. To increase the efficiency of multiplex
editing sgRNAs further, targeting three genes will be cloned into one
expression vector.

Develop approaches for targeted DNA methylation with higher
specificity than the published ZFP-based EpiEditors

The specificity of targeted epigenome editing is a consequence of the
specificities of the DBD and the effector domain. The use of dCas9 instead
of the ZFP as the DBD has the additional advantage that this will decrease
the number of EpiEditor binding sites in the genome. Furthermore, two
variants of the DNMT3ACD-DNMT3LCD effector domain, the wild type
and its more specific mutant R887E will be used for DNA methylation.
Their on-target and off-target activity will be compared.

Detailed analysis of targeted DNA methylation patterns to extract
guidelines for future experiments

To increase the efficiency of epigenome editing in future experiments,
patterns of introduced DNA methylation will be analysed in detail. DNA
methylation levels will be investigated on both DNA strands. Also, a

relationship between methylation of individual CpG sites to their distance
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from the sgRNA binding site and their flanking sequences will be studied.

This should help to elucidate structural rules about epigenome editing.
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2 Material and methods

2.1 Generation of vectors for the expression of single sgRNAs

2.1.1 Design of sgRNAs

A target sequence of the sgRNA binding at the VEFGA promoter overlapping with
the ZFP binding sites was selected manually. Firstly, NGG PAM sequences of
dCas9 from S. pyogenes, were found in the close proximity to the ZFP binding
site on the antisense strand. Secondly, the first PAM sequence 3’ from the ZFP
binding site, was selected since the corresponding sgRNA sequence would
overlap with the ZFP binding site. 19 nt 5’ to the PAM sequence were used to

generate sgRNA’s target-specific sequence (Table 1).

sgRNAs targeting open chromatin regions within the VEGFA, VEGFR1 and
VEGFR2 promoters were also selected manually. The desired target regions
were chosen based on the DNase-seq and ATAC-seq data sets (GEO accession
GSE108513). The PAM sequences were allocated on the flanks of the target
regions keeping in mind a directionality of the dCas9/sgRNA binding to DNA. The
PAM sequence for the 5’ flank sgRNA was selected on the sense strand and the
3’ sgRNA PAM was selected on the antisense strand. For all sgRNAs a 20 nt
sequence 5 to the corresponding PAM sequence was used to generate an

sgRNA'’s target-specific sequence (Table 1).

Table 1. sgRNA target-specific sequences and their genomic coordinates

sgRNA target-specific sequence | Genomic Strand
(5’ to 3°) coordinates,
based on hg19
VEGFA/ZFP GGCGGTCACCCCCAAAAGC chr6:43,738,374- antisense
43,738,392
VEGFA/sgRNA1 | CAGAGTTTCCGGGGGCGGAT chr6:43,737,695- sense
43,737,714
VEGFA/sgRNA2 | GCCACGACCTCCGAGCTACC chr6:43,737,968- antisense
43,737,987
VEGFR1/sgRNA1 | CGCCCTGAGCGCCCGTCTCG chr13:29,069,080- | sense
29,069,099
FLT2/sgRNA2 GACCCCTTGACGTCACCAGA chr13:29,069,334- | antisense
29,069,353
VEGFR2/sgRNA1 | CCAGCGCAGTCCAGTTGTGT chr4:55,991,929- antisense
55,991,948
VEGFR2/sgRNA2 | GGGCGTCTGCGGGTGCCGGT chr4:55,991,624- sense
55,991,643
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2.1.2 Cloning of sgRNA encoding vectors

To generate vectors for sgRNA expression, two different approaches were used.
The VEGFA-targeting sgRNA at the ZFP binding site was cloned into the
gRNA_Cloning_Vector kindly provided by George Church (obtained via
Addgene, plasmid # 41824) following a published protocol [179]. First, the sgRNA
target-specific sequence and its reverse complement were extended by adaptors
(Table 2). Synthesis of obtained oligonucleotides was ordered at Integrated DNA
Technologies. Oligonucleotides were annealed and extended in a thermocycler

using the following conditions.

Reaction mixture

Concentration Volume
Oligo 1 100 uM 1.0 uL
Oligo 2 100 uM 1.0 uL
dNTPs 10 mM 0.4 pL
Phusion HF buffer 5X 4.0 uL
Phusion pol. 1.0 uL
H20 12.6 pL
Reaction program
95 °C Pause
95 °C 1 min
Cooling to 20 °C 0.03 °C/sec
20 °C 30 min
8 °C Pause

2 pL of reaction products were resolved using 10 % polyacrylamid gel
electrophoresis in Tris-phosphate-EDTA (TPE) buffer to confirm successful
synthesis. The rest was purified using the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel GmbH) and eluted in 15 pL MilliQ water. DNA concentration

was measured by NanoDrop (ThermoFisher Scientific).

gRNA_Cloning_Vector was linearized by Aflll restriction enzyme for 2 h at 37 °C

in the following reaction.
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Reaction mixture

Vector #41824 4 ug
10xCutSmart buffer 2 uL
Aflll 2 uL
H20 to final volume 20 pL

Products of digestion were resolved on 1 % agarose gel in TPE buffer for 1 h at
80 V. The band at 3.9 kb corresponding to linearized plasmid was cut from the
gel, purified with NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel GmbH)
and eluted in 15 pL MilliQ water. DNA concentration was measured by NanoDrop

(ThermoFisher Scientific).

Finally, the vector was generated using Gibson Assembly Master Mix (New

England BioLabs Inc.) using following conditions.

Reaction mixture

sgRNA coding dsDNA 25ng
Linearized vector #41824 75 ng
H20 to 5 uL
2x Gibson Assembly Master mix 5uL
Final volume 10 uL

Reaction program

50 °C 10 min
40 °C 10 min
8 °C Pause

The sgRNAs targeting open chromatin regions within the promoters of VEGFA,
VEGFR1 and VEGFR2 genes were cloned into the sgRNA-GGA2 cloning vector
generated in the Department of Biochemistry at the Institute of Biochemistry and
Technical Biochemistry at Stuttgart University (Catalogue #02_87). The target-
specific sequences of sgRNAs and their revers complements were extended by
adaptors required for cloning (Table 2) and these oligonucleotides were
synthesized by Integrated DNA Technologies. The produced pairs of

oligonucleotides were annealed in a thermocycler using following conditions.
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Concentration Volume
H20 16 uL
NEBuffer 2 10x 2 uL
Oligo 1 100 uM 1.0 uL
Oligo 2 100 uM 1.0 uL

95 °C Pause
95 °C 1 min
Cooling to 20 °C 1°C/ min
20 °C 1 min

8 °C Pause

sgRNA encoding vectors were cloned using Golden Gate Assembly protocol and

following conditions.

#02_87 plasmid 75 ng

Pre-annealed oligonucleotides from the | 2-fold molar excess over plasmid
previous step
T4 DNA ligase (New England BioLabs Inc.) | 400 units
10x T4 DNA ligase buffer (New England | 2 pyL
BioLabs Inc.)
BbslI-HF (New England BioLabs Inc.) 10 units

37 °C Pause

37 °C 1 min

16 °C 1 min 30 cycles
37 °C 10 min

85 °C 5 min

8 °C Pause

Table 2. Oligonucleotides used for cloning of sgRNAs

PB761 TTTCTTGGCTTTATATATCTTGTGGAAAG | VEGFA/ZFP sgRNA oligo 1
GACGAAACACCGGGCGGTCACCCCCAAA
AGC
PB762 GACTAGCCTTATTTTAACTTGCTATTTCTA | VEGFA/ZFP sgRNA oligo 2
GCTCTAAAACGCTTTTGGGGGTGACCGC
CcC
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PB817 accgCAGAGTTTCCGGGGGCGGAT VEGFA/sgRNA1 oligo 1
PB818 aaacATCCGCCCCCGGAAACTCTG VEGFA/sgRNA1 oligo 2
PB819 accGCCACGACCTCCGAGCTACC VEGFA/sgRNA2 oligo 1
PB820 aaacGGTAGCTCGGAGGTCGTGG VEGFA/sgRNA2 oligo 2
PB823 accgCGCCCTGAGCGCCCGTCTCG VEGFR1/sgRNA1 oligo 1
PB824 aaacCGAGACGGGCGCTCAGGGCG VEGFR1/sgRNA1 oligo 2
PB825 accGACCCCTTGACGTCACCAGA VEGFR1/sgRNA2 oligo 1
PB826 2aacTCTGGTGACGTCAAGGGGT VEGFR1/sgRNA2 oligo 2
PB827 accgCCAGCGCAGTCCAGTTGTGT VEGFR2/sgRNA1 oligo 1
PB828 2aacACACAACTGGACTGCGCTGG VEGFR2/sgRNA1 oligo 2
PB829 accGGGCGTCTGCGGGTGCCGGT VEGFR2/sgRNA2 oligo 1
PB830 aaacACCGGCACCCGCAGACGCC VEGFR2/sgRNA2 oligo 2

2.2 Generation of vectors for expression of multiple sgRNAs

2.2.1 Amplification of the sgRNA expression cassettes

To generate multiple sgRNA expressing vectors sgRNA expression cassettes
were amplified from the single sgRNA encoding vectors. Each cassette was
amplified with the unique combination of primer pairs containing overhangs with
the Bbsl restriction sites. The primers were synthesized by IDT (Integrated DNA
Technologies), sequences are listed in Table 3. The following reaction conditions

were used for PCR.

Reaction mixture
Concentration Volume
H20 31 pL
Q5 buffer 5x 10 pL
dNTPs 10 mM 1L
Q5 pol. 0.5 uL
Primer 1 10 yM 2.5 L
Primer 2 10 yM 2.5 L
Plasmid DNA 2.5ng
Total volume 50 pL
Reaction program
98 °C Pause
98 °C 2 min
98 °C 10 sec
57 °C 15 sec 35 cycles
72 °C 20 sec
72 °C 2 min
8 °C Pause
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5 L of reaction products were resolved on 1 % agarose gel in TPE buffer for 1 h
at 80 V to confirm that expected product was obtained (541 bp). The rest was
digested with 1 pyL Dpnl enzyme in 1x CutSmart buffer (New England BioLabs
Inc.) for 1 h at 37 °C. Afterward, DNA was purified with NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel GmbH) and eluted in 40 yL MilliQ water. DNA

concentration was measured by NanoDrop (ThermoFisher Scientific).

Table 3. Primers used for amplification of sgRNAs expression cassettes

Name Sequence (5’ to 3’) Description

Fragments for the multi-sgRNA1 vector assembly

PB905 GGCTACgaagacTATGCCCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFR1

PB906 TTCTACgaagacCCCATAAATTTACGAGCTT | reverse primer for gRNA1
TCTGG VEGFR1

PB907 GGCTACgaagacTATATGCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFR2

PB908 TTCTACgaagacCCAGTTAATTTACGAGCTT | reverse primer for gRNA1
TCTGG VEGFR2

PB909 GGCTACgaagacTAAACTCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFA

PB916 TTCTACgaagacCCTCTGAATTTACGAGCT | reverse primer for gRNA1
TTCTGG VEGFA

Fragments for the multi-sgRNA2 vector assembly

PB905 GGCTACgaagacTATGCCCCAAACTCATCA | forward primer for gRNAZ2
ATGTATCT VEGFR1

PB910 TTCTACgaagacCCGAATAATTTACGAGCT | reverse primer for gRNAZ2
TTCTGG VEGFR1

PB911 GGCTACgaagacTAATTCCCAAACTCATCA | forward primer for gRNAZ2
ATGTATCT VEGFR2

PB912 TTCTACgaagacCCCCTAAATTTACGAGCT | reverse primer for gRNA2
TTCTGG VEGFR2

PB913 GGCTACgaagacTATAGGCCAAACTCATCA | forward primer for gRNA2
ATGTATCT VEGFA

PB916 TTCTACgaagacCCTCTGAATTTACGAGCT | reverse primer for gRNA2
TTCTGG VEGFA

Fragments for the multi-sgRNA3 vector assembly

PB905 GGCTACgaagacTATGCCCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFR1

PB906 TTCTACgaagacCCCATAAATTTACGAGCTT | reverse primer for gRNA1
TCTGG VEGFR1

PB907 GGCTACgaagacTATATGCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFR2

PB908 TTCTACgaagacCCAGTTAATTTACGAGCTT | reverse primer for gRNA1
TCTGG VEGFR2

PB909 GGCTACgaagacTAAACTCCAAACTCATCA | forward primer for gRNA1
ATGTATCT VEGFA

PB910 TTCTACgaagacCCGAATAATTTACGAGCT | reverse primer for gRNA1
TTCTGG VEGFA

PB911 GGCTACgaagacTAATTCCCAAACTCATCA | forward primer for gRNAZ2
ATGTATCT VEGFR1
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TTCTGG

PB912 TTCTACgaagacCCCCTAAATTTACGAGCT

reverse primer for gRNA2
VEGFR1

ATGTATCT

PB913 GGCTACgaagacTATAGGCCAAACTCATCA

forward primer for gRNA2
VEGFR2

TTCTGG

PB914 TTCTACgaagacCCCGTTAATTTACGAGCT

reverse primer for gRNA2
VEGFR2

ATGTATCT

PB915 GGCTACgaagacTAAACGCCAAACTCATCA

forward primer for gRNAZ2
VEGFA

TTCTGG

PB916 TTCTACgaagacCCTCTGAATTTACGAGCT

reverse primer for gRNA2
VEGFA

2.2.2 Assembly of multiple sgRNA expression cassettes in one vector

Amplified sgRNA expression cassettes were cloned into the pMulti-sgRNA-LacZ-

DsRed vector [180] kindly gifted by Yujie Sun (obtained via Addgene, plasmid #

99914). In total 3 plasmids with 3, 3 and 6 sgRNA expression cassettes were

produced by Golden Gate assembly using following conditions.

Reaction mixture for multi-sgRNA1

10x T4 DNA ligase buffer (New England BioLabs Inc.) 2 yL
T4 DNA ligase, 400 units (New England BioLabs Inc.) 1L
Bbsl-HF, 10 units (New England BioLabs Inc.) 1L
pMulti-sgRNA-LacZ-DsRed 20 ng
VEGFA sgRNA1 cassette 4 ng
VEGFR1 sgRNA1 cassette 4 ng
VEGFR2 sgRNA1 cassette 4 ng
H20 to 20 pL
Reaction mixture for multi-sgRNA2

10x T4 DNA ligase buffer (New England BioLabs Inc.) 2 yL
T4 DNA ligase, 400 units (New England BioLabs Inc.) 1L
Bbsl-HF, 10 units (New England BioLabs Inc.) 1L
pMulti-sgRNA-LacZ-DsRed 20 ng
VEGFA sgRNA2 cassette 4 ng
VEGFR1 sgRNA2 cassette 4 ng
VEGFR2 sgRNA2 cassette 4 ng
H20 to 20 pL
Reaction mixture for multi-sgRNA3

10x T4 DNA ligase buffer (New England BioLabs Inc.) 2 uL
T4 DNA ligase, 400 units (New England BioLabs Inc.) 1L
Bbsl-HF, 10 units (New England BioLabs Inc.) 1L
pMulti-sgRNA-LacZ-DsRed 20 ng
VEGFA sgRNA1 cassette 4 ng

28



VEGFR1 sgRNA1 cassette 4 ng
VEGFR2 sgRNA1 cassette 4 ng
VEGFA sgRNAZ2 cassette 4 ng
VEGFR1 sgRNA2 cassette 4 ng
VEGFR2 sgRNA2 cassette 4 ng
H20 to 20 uL

Reaction program

37 °C Pause

37 °C 1 min

16 °C 1 min 30 cycles
37 °C 10 min

85 °C 5 min

8 °C Pause

2.2.3 Transformation

Products of Gibson Assembly and Golden Gate Assembly reactions were diluted
3-fold with MilliQ water. 2 yL of diluted products were used for transformation of
electrocompetent E. coli XL1-blue strain. 50 yL of cells were mixed with DNA and
electroporated with 1.8 kV for 4 ms. Afterward, 1 mL of lysogeny broth (LB)
medium was added and the cells were incubated for 1 h at 37 °C and 150 rpm.
The entire suspension was plated on 1 % LB agar plate (w/v) containing 10 pg/mL
tetracycline and 25 pg/mL kanamycin. Plates were let open to dry for 10 min,

afterward they were incubated at 37 °C overnight.

2.2.4 Isolation of plasmid DNA

Obtained E. coli colonies were inoculated in 3 mL and 30 mL LB medium
supplemented with 10 pg/mL tetracycline and 25 pg/mL kanamycin and grown at
37 °C overnight. Plasmid DNA was isolated from 3 mL overnight cultures using
NucleoSpin Plasmid kit (Macherey-Nagel GmbH) and eluted with 30 pL Tris-
EDTA (TE) pH 8.0 buffer. Obtained DNA was sequenced, correct clones were
identified and expanded by midiprep plasmid isolation from 30 mL overnight
cultures using QIAGEN Plasmid Plus Midi kit (QIAGEN GmbH). At last DNA was
eluted with 100 pL TE buffer. DNA concentration was measured by NanoDrop
(ThermoFisher Scientific).
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2.2.5 Sanger sequencing of vectors

Obtained clones were sent for Sanger sequencing to confirm correct cloning.
Sequencing was done at Microsynth AG. 1000 ng plasmid DNA was mixed in 1.5
mL Eppendorf tube with 2 yL 10 uM sequencing primers listed in Table 4.
Sequencing results were analysed using the SnapGene program (GSL Biotech
LLC).

Table 4. Sequencing primers

Name Sequence (5’ to 3’)

For single sgRNA expression vectors

PB330 | GTGGTTTGTCCAAACTCATC

For multi-sgRNA1 and multi-sgRNA2 expression vectors
PB330 GTGGTTTGTCCAAACTCATC

PB331 GTGGACTCTTGTTCCAAACTGG
For multi-sgRNA3 expression vector

PB330 GTGGTTTGTCCAAACTCATC

PB331 GTGGACTCTTGTTCCAAACTGG
PB826 AAACTCTGGTGACGTCAAGGGGT
PB827 ACCGCCAGCGCAGTCCAGTTGTGT

2.3 Cell culture

2.3.1 Maintenance of cells

Human embryonic kidney 293 (HEK293) cells were cultured in T75 flasks in
incubators at 37 °C and 5% COz2 in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma-Aldrich, Inc.) supplemented with 10% fetal calf serum (FCS) (Sigma-
Aldrich, Inc.), 20 ml/L L-glutamine (Sigma-Aldrich, Inc.) and 20 ml/L
penicillin/streptomycin (Sigma-Aldrich, Inc.). Cells were subcultured when
reaching 70-80% confluence. For this, growth medium was removed, cells were
rinsed with Dulbecco’s Phosphate Buffered Saline without calcium chloride and
magnesium chloride (DPBS) (Sigma-Aldrich, Inc.), covered with 1 mL Trypsin-
EDTA solution (Sigma-Aldrich, Inc.), incubated for 10 min in the CO2 incubator

at 37 °C. Afterward, cells were resuspended in 9 mL and divided into 3 T75 flasks.

2.3.2 Cell counting in Neubauer haemocytometer
Cell resuspended after trypsinization (50 pL) were mixed with 0.4 % Trypan Blue
Solution (50 pL) (ThermoFisher Scientific), mixed and 10 pL of the final
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suspension were loaded onto a Neubauer haemocytometer. Viable unstained
cells were counted in four 1 cm x 1 cm areas using EVOS microscope
(ThermoFisher Scientific) under transmitted light settings, the average value was

calculated and multiplied by 2x10,000 to get the number of cells in one milliliter.

2.3.3 Transient transfection of cells

Plasmids expressing dCas9-10xSunTag, scFv-GCN4-DNMT3ACD-DNMT3LCD
(a3A3L) or a3A3L-R883E were published by us recently [171] and were available
in the lab. HEK293 cell were harvested by trypsinization and the concentration of
suspension was counted using Neubauer haemocytometer. 1.4 million HEK293
cells were seeded into 100 mm Petri dishes (ThermoFisher Scientific) in final 10
mL standard growth medium. 24 hours later, the medium was replaced by 8 mL
growth medium. Plasmids were mixed for transfection in 840 pyL serum free

DMEM using the following recipe.

Plasmid name Amount
dCas9-10xSunTag 6000 ng
wild type or R883E a3A3L 3000 ng
Multi-sgRNA1, 2 or 3 500 ng

Afterward, 27 yL FUGENE HD (Promega) transfection reagent was added and
solution was mixed by pipetting multiple times. It was incubated for 20 minutes at
room temperature for complex formation. Lastly, the obtained suspension was
distributed drop-wise over one 100 mm Petri dish with adherent HEK293 cells.
24 hours later medium was removed and 10 mL fresh growth medium was added.
Two individual transfections were conducted for each experimental condition,
which were independently treated and analysed, leading to two biological

replicates.

2.3.4 Fluorescence-activated cell sorting (FACS)

3 days after transfection cells were harvested by 1 mL trypsin, 1 mL of growth
medium was added and cells were resuspended. Before sorting cells were filtered
through 30 uL Pre-Separation Filters (Miltenyi Biotec) to get rid of cell aggregates.
Cells were sorted on SH800S Cell Sorter (Sony Biotechnology) using 70-pym

microfluidic sorting chips in Target mode. Since each of three co-transfected
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plasmids has a unique reporter fluorescent protein, three lasers were used: 405
nm for tagBFP (dCas9-10xSunTag plasmid), 488 nm for superfoldedGFP (a3A3L
plasmid), 561 nm for DgRed (multi-sgRNA1/2/3 plasmids). Untransfected
HEK293 cells were used to set gaiting for negative and positive population.
HEK293 cells transfected with single plasmids were used to calculate
compensation parameters to exclude a fluorescence spillover between channels.
Triple-positive cells were collected, centrifuged at 300 g for 5 min. Supernatant

was removed and the cell pellets were processed for isolation of genomic DNA.

2.3.5 Genomic DNA isolation

Cell pellets were washed ones in PBS, pelleted by centrifugation for 5 min at 300
g. Genomic DNA was extracted using QlAamp DNA Blood Mini Kit (QIAGEN
GmbH) following a manual. At the last step DNA was eluted by 100 pyL Tris pH
8.0 buffer. DNA concentration was measured by NanoDrop (ThermoFisher
Scientific). DNA was stored at -20 °C till the next step.

2.4 Locus-specific DNA methylation analysis

2.4.1 Bisulfite conversion
Genomic DNA (gDNA) was fragmented by enzymatic digestion with EcoRI

restriction enzyme overnight at 37 °C in the following reaction mixture.

Reaction mixture

Concentration Volume
CutSmart Buffer 10x 2 uL
EcoRI 20 units/uL 2 uL
gDNA 500 ng
H20 Up to 20 yL

Next day, fragmented DNA was bisulfite converted with EZ-DNA Methylation
Lightning Kit (Zymo Research Corporation) following manufacture’s protocol.
Finally, DNA was eluted in 12 yL Tris pH 8.0 buffer. DNA was stored at -20 °C

until use.

2.4.2 PCR1 with locus-specific primers
To generate libraries for sequencing a two-step PCR approach was used. At first

target regions were amplified with from bisulfite-converted DNA primers (Table 5)
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containing a sequence-specific part and additional overhangs with barcodes for
labeling samples from different experiments, random pentamers Ns to improve
sequencing quality and adaptors for binding of the second PCR primers. For
every set of primers an additional reaction was set as water control, where 1 pL
of autoclaved water was added instead of DNA to control for possible sample

cross-contamination.

Reaction mixture

Concentration Volume
H20 14.4 uL
PCR buffer 10x 2 uL
dNTPs 10 mM 0.4 yL
HotStartTag pol. 5 U/uL 0.2 uL
Primer 1 10 uM 1L
Primer 2 10 uM 1L
DNA 1uL

Total volume 20 uL
Reaction program
95 °C Pause
95 °C 15 min
94 °C 30 sec
X °C, see below 30 sec 35 cycles
72 °C 1 min
72 °C 10 min
8 °C Pause
Annealing temperatures, X
VEGFA sense 52 °C
VEGFA antisense 50 °C
VEGFR1 sense 50 °C
VEGFR1 antisense 52 °C
VEGFR2 sense 52 °C
VEGFR2 antisense 50 °C
ISG15 50 °C

Table 5. PCR1 primer sequences
Name Sequence (5’ to 3’) Description

PB504 | GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN | VEGFA_ZFP_bis_fp
NNNNAGAGCGTTTGTTATTTTTTATTTGAAT
PB505 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFA_ZFP_bis_rp
NNAGCATAATCACTCACTTTACCCCTATC
PB893 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFA_UP_bis fp
NNAGCATTTTTAGGTTGTGAATTTTGGTG
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PB894 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAT | VEGFA_UP_bis rp
CCTCCCCRCTACCAAC
PB895 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFA_DS_bis fp
NNTAGAGTTATTYGGTTGTTTTAAGTTT
PB896 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAA | VEGFA_DS_bis rp
ATCRAACTTCCCCTTCAT
PB897 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFR1_UP_bis fp
NNCTAGGTTTTAGTTAGGAGATAATTATTTT
PB898 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTC | VEGFR1_UP_bis rp
CCCTTAACRTCACCAAA
PB899 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFR1_DS_bis fp
NNGCTGATTTTTTGAYGTTATTAGAAGG
PB900 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTC | VEGFR1_DS_bis rp
CAAAAAACAACCACTTCC
PB901 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFR2_UP_bis fp
NNACGTAGGAGAGGATATTTAGGTTG
PB902 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAA | VEGFR2_bis rp
ACCCAACRCAATCCAA
PB903 ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | VEGFR2_DS_bis fp
NNTTCGGAAATGGGGAGATGTAAAT
PB904 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAT | VEGFR2_DS_bis rp
AAAAAAAAATATCCAAACTACC
ISG15fp | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | FP1 taken from [171]
NNAGAGCTTAGGTGTTTTTAGGGTGTTGG
ISG15rp | GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTN | RP1 taken from [171]
NNNNAGCATCACAAACTCCTATACTAACAAAAATAA
AT

After PCR 5 pL of reaction products were resolved on 1 % agarose gel in TPE
buffer of 40 min at 80 V.

2.4.3 PCR2 with indexing primers

Gels were examined and samples with efficient amplification resulting in
generation of products with expected size and no secondary product and
negative results in water control were selected. The reaction products were
diluted 1:4 with autoclaved water and used as a template for the second PCR.
This reaction introduces adaptors and indices for lllumina sequencing according
to TruSeq protocol. Reactions were conducted with the custom set of primers
(Table 6) following reaction conditions provided below. Again, a water control
reaction was conducted with 1 pL of autoclaved water to control for possible

sample and reagents cross-contamination.
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Reaction mixture
Concentration Volume
H20 12.8 pL
Q5 buffer 5x 4 uL
dNTPs 10 mM 0.4 pL
Q5 pol. 0.2 uL
Primer 1 10 uM 0.8 uL
Primer 2 10 uM 0.8 uL
PCR1 (1:4) 1L
Total volume 20 uL
Reaction program
98 °C Pause
98 °C 30 min
98 °C 10 sec 15 cveles
72 °C 40 sec y
72 °C 2 min
8 °C Pause

Table 6. PCR2 primer pairs sequences

Name Sequence (5’ to 3’) Description

PB611 AATGATACGGCGACCACCGAGATCTACACTCCGCGAA | i5-710
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB650 AATGATACGGCGACCACCGAGATCTACACTCTCGCGC | i5-711
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB652 AATGATACGGCGACCACCGAGATCTACACAGCGATAG | i5-712
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB654 AATGATACGGCGACCACCGAGATCTACACTTCCTCCTA | i5-713
CACTCTTTCCCTACACGACGCTCTTCCGATCT

PB659 AATGATACGGCGACCACCGAGATCTACACTGCTTGCT | i5-714
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB661 AATGATACGGCGACCACCGAGATCTACACGGTGATGA | i5-715
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB667 AATGATACGGCGACCACCGAGATCTACACAACCTACG | i5-716
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB673 AATGATACGGCGACCACCGAGATCTACACGGATCTGA | i5-717
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB705 AATGATACGGCGACCACCGAGATCTACACTGATCACG | i5-718
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB732 AATGATACGGCGACCACCGAGATCTACACAAGCGACT | i5-719
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PB612 CAAGCAGAAGACGGCATACGAGATTTCGCGGAGTGAC | i7-710
TGGAGTTCAGACGTGTGCTCTTCCGATCT

PB651 CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGA | i7-711
CTGGAGTTCAGACGTGTGCTCTTCCGATCT

PB653 CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGAC | i7-712
TGGAGTTCAGACGTGTGCTCTTCCGATCT

PB655 CAAGCAGAAGACGGCATACGAGATAGGAGGAAGTGAC | i7-713
TGGAGTTCAGACGTGTGCTCTTCCGATCT

PB660 CAAGCAGAAGACGGCATACGAGATAGCAAGCAGTGAC | i7-714
TGGAGTTCAGACGTGTGCTCTTCCGATCT
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PB662 CAAGCAGAAGACGGCATACGAGATTCATCACCGTGAC | i7-715
TGGAGTTCAGACGTGTGCTCTTCCGATCT
PB668 CAAGCAGAAGACGGCATACGAGATCGTAGGTTGTGAC | i7-716
TGGAGTTCAGACGTGTGCTCTTCCGATCT
PB674 CAAGCAGAAGACGGCATACGAGATTCAGATCCGTGAC | i7-717
TGGAGTTCAGACGTGTGCTCTTCCGATCT
PB706 CAAGCAGAAGACGGCATACGAGATCGTGATCAGTGAC | i7-718
TGGAGTTCAGACGTGTGCTCTTCCGATCT
PB733 CAAGCAGAAGACGGCATACGAGATAGTCGCTTGTGAC | i7-719
TGGAGTTCAGACGTGTGCTCTTCCGATCT

After PCR 5 pL of reaction products were resolved on 1 % agarose gel in TPE
buffer for 30 min at 110 V. Samples with negative water controls and prominent
products at expected size were selected. Based on the band densities samples
were pooled in one tube and purified using NucleoSpin Gel and PCR Clean-up
kit (Macherey-Nagel GmbH) and eluted in 40 pL Tris pH 8.0 buffer.
Concentrations of obtained libraries were measured by NanoDrop (ThermoFisher

Scientific).

2.4.4 Next-generation sequencing

Libraries were sent to Admera Health Biopharma Services (USA) for NGS. Firstly,
library quantification was done at the company using qPCR to determine molar
concentration. Libraries were sequenced on lllumina MiSeq machine in 2x250
mode. Sets of paired reads of 250 bp were got from the company in fastqsanger
format. Every pair of the fastqsanger files contains reads from one combination

of indexes.

2.5 Bioinformatics analysis of NGS data

2.5.1 Analysis of DNA methylation at target loci

Obtained fastqsanger files were uploaded into the Galaxy server [181]. DNA
methylation analysis have been conducted using the workflow described earlier
[182]. Initially, the reads quality was analysed and lllumina adaptors and
nucleotides with the score below 20 were trimmed by the Trim Galore! tool
(developed by Felix Krueger, the Babraham Institute). Next, the paired reads
were merged to produce one sequenced fragment using the Pear tool [183] under
the standard settings and allowing minimum length of reads overlap of 20 bp.
Further reads were filtered into separate pools based on barcodes used in the
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first PCR and mapped onto reference sequences using the bwameth tool [184].
Generated bam file was processed further by MethylDackel
(https://github.com/dpryan79/MethylDackel, developed by Devon Ryan) together
with the reference sequences to extract methylation levels at each CpG sites.
Data from the Galaxy servers were exported as tabular files and finally analysed

and visualized in Microsoft Excel.

2.5.2 Extracting additional features of established DNA methylation
patterns

Several bioinformatics analyses were conducted using Python scripts, which |
wrote using freely available modules. First of all, all scripts were written and
executed in Visual Studio Code (Microsoft Corporation). Python environment and
package management was conducted with help of Anaconda (Anaconda Inc).

Figure 21 and Figure 22 were generated using matplotlib v 3.3.1.

Two scripts were written by me to count occurrence of sequences in human

genome.

Script #1. Count a sequence occurrence in human genome

R R e A b A 2 I dh dh I S R A b SR S S S S S S S R S S e S dh e S b R S b S b I S b S b S S R S S R S S S S B R S A R S 2 a i

Reads FASTA file containing multiple sequences, counts an occurrence of
provided query in every sequence and sums up, saves statistics in csv
file.

v.200613

Pavel Bashtrykov

Ak khkhkhhkhkhkhhAhhkhkhhdhAhhkhkhhkhhrhhkhkhhkdhhhkhkhkhhkdhrhkhhkhhkhkhrhkhhkhhkhkrhkkhhhkhkhkrhkhhhkhkxk

from Bio import SeqIO

from Bio.Seq import reverse complement
import csv

import time
#*******************************************

#Input data:'

sequence = "GGGGGTGAC"
analyse filename = "hgl9.fasta"
output filename = "report.csv"

#*******************************************

def counts sequence_ in fasta(analyse filename, output filename,
variants) :

with open (output filename, "a+", newline="") as csvfile:

filewriter = csv.writer(csvfile, delimiter=",")

for seq record in SeqglO.parse(analyse filename, "fasta"):
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for search seq in variants.keys():
occurrence = seq_record.seqg.upper () .count (search seq)
variants[search seq] += occurrence

all observations = 0

for key, val in variants.items():
filewriter.writerow([key, vall)

all observations += val
filewriter.writerow(["Total", all observations])

def generate sequences (sequence) :

"""Generates a reverse complement sequence.

Makes a list of queries: original sequence + reverse complement.
list of sequences = []

list of sequences.append (sequence)

rev_com = reverse complement (sequence)

list of sequences.append(rev_com)

variants = {}

for var in list of sequences:

variants([var] = 0

return variants
#*********************************************************************

if name == " main ":
variants = generate_ sequences (sequence)

counts sequence in fasta(analyse filename, output filename, variants)
#*********************************************************************

Script #2. Count a sequence occurrence in human genome allowing a single

nucleotide mismatch

Ak khkhkhkhkhkhkhhkhhhkhhkhhkhhkhkhhkhhhhkhkhrhkhkhhhkhkhrhkhhkhhkhhhkhkhkhhkkhhhkhdhrohkkhhkhkhdrohkkhhhrkhkxkx*k

Reads FASTA file containing multiple sequences, counts an occurrence of
provided query in every sequence and sums up, saves statistics in a csv
file.

v.200613

Pavel Bashtrykov

khkkhkhkhkhkhkhkhkhhkhhhkhhkhhhhhkhhkhhkhhkhhrhkhhkhhkhkhrhkhhkhhkhhrhkhkhhhkkhhrhkhkhkhhkkhhrhkhdrohkkhhhkhkxkx*k

from Bio import SeqgIO

from Bio.Seq import reverse complement
import csv

import time

#*******************************************

# Input data:'

sequence = "GGCGGTCACCCCCAAAAGC"
analyse filename = "hgl9.fasta"
output filename = "report.csv"

#*******************************************
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def counts sequence in fasta(analyse filename, output filename,
variants) :

with open (output filename, "a+", newline="") as csvfile:

filewriter = csv.writer(csvfile, delimiter=",")

for seq record in SeqlO.parse(analyse filename, "fasta"):

for search seq in variants.keys():

occurrence = seq_record.seqg.upper () .count (search seq)
variants[search seq] += occurrence

all observations = 0

for key, val in variants.items():
filewriter.writerow([key, vall)

all observations += val
filewriter.writerow(["Total", all observations])

def generate mut sequences (sequence) :

Makes a list of sequences based on an original sequence by mutagenesis
of every single position.

list of sequences = []

letters ="GATC"

length = len (sequence)

for n in range(length):

for i in letters:

new_sequence = sequence[0:n]+i+sequence[n+1l:]
list of sequences.append(new_sequence)
rev_com = reverse complement (new_ sequence)
list of sequences.append(rev_com)

variants = {}

for var in list of sequences:

variants[var] = 0

return variants

#*********************************************************************

if name == " main ":
variants = generate mut sequences (sequence)

counts sequence in fasta(analyse filename, output filename, variants)
#*********************************************************************
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3 Results

3.1 Methylation of the VEGFA promoter using the dCas9-10xSunTag/

scFv-GCN4-DNMT3ACD-DNMT3LCD system
This work is a continuation of the research published earlier, where targeted
methylation of the VEGFA promoter to silence the VEGFA expression had been
achieved using fusion proteins ZFP-DNMT3ACD or ZFP-DNMT3ACD-
DNMT3LCD (termed ZFP-3A3L from here) [177], [178]. The ZFP applied in these
experiments recognizes the GGGGGTGAC sequence located 434 bp
downstream of the VEGFA TSS [176]. The maximum methylation achieved in
these experiments was 49 % using transient transfection of ZFP-3A3L [177] and
43 % using adenoviral delivery of ZFP-DNMT3ACD [178]. To achieve higher
methylation efficiency, a recently developed dCas9-10XSunTag (termed dCas9S
from here) system that can recruit up to ten scFv-GCN4-DNMT3ACD-
DNMT3LCD effector domains (termed a3A3L from here) was used in this work.
To compare the efficiency of targeted DNA methylation of the dCas9S/a3A3L
system with the previously used ZFP-3A3L, which delivers only one 3A3L protein
to a target site, a sgRNA binding to the same locus as the ZFP was selected
(Figure 9a). The dCas9 used in this experiment was derived from S. pyogenes
and requires an NGG trinucleotide sequence as PAM site. Multiple NGG motifs
are present in the VEGFA promoter region including a few in the vicinity of the
ZFP binding site. As shown in previous studies [169], the direct fusion protein
dCas9-3A3L has a directionality of DNA methylation deposition, meaning that
DNA methylation will appear mostly on one side relative to the dCas9/sgRNA
complex binding site, namely the site of the PAM sequence. Keeping this in mind
a sgRNA sequence was selected that covers the ZFP biding site and should lead
to the deposition of DNA methylation mostly at the locus analysed in the previous
studies [177], [178] (Figure 9b).
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Figure 9. Design of the sgRNA targeting the VEGFA promoter.

a UCSC Genome Browser view showing the VEGFA promoter region with the CpG island (green
bar), binding sites of the ZFP (black bar) and the sgRNA (blue bar), and the region analysed by
bisulfite NGS (grey bar). b Partial sequence of the VEGFA promoter. S. pyogenes NGG PAM
sequences are highlighted in yellow, the region analysed by bisulfite sequencing is shown as a
grey bar, the binding site of the ZFP is shown as a black bar and the manually selected sgRNA
binding site is highlighted with blue color.

Oligonucleotides required for the sgRNA cloning were synthesized, annealed and
extended to produce a 100 bp double-stranded DNA fragment. The latter one
was used in a Gibson Assembly reaction with the sgRNA cloning plasmid
resulting in a vector for expression of the VEGFA sgRNA. The sequence of the

obtained plasmid was confirmed by Sanger sequencing (Figure 10).

ATATATCTTGTGGAAAGGACGAAACACCGGGCGGTCACCCCCAAAAGCGTTTTAGAG(
L L 1 1 L L 1 1 L 1 1 1
T T T T T t T t T t t
TATATAGAACACCTTTCCTGCTTTGTGGCCCGCCAGTGGGGETTTTCGCAAAATCTC(
S promater > [ CED e I
Greson [Tl Ownriap and insert

ATATATCTTGTGGAAAGGACGAAACACCGGGCGGTCACCCCCAAAAGCGTTTTAGAGH

ATATATCTTGTGGAAAGGACGAAACACCGGGCGGTCACCCCCAAAAGCGTTTTAGAGC

#RNA_Cloning Vector

Figure 10. Cloning of the sgRNA targeting the VEGFA promoter.
a Scheme of the cloning strategy used to produce a VEGFA sgRNA expression vector. b Sanger
sequencing results confirming correct sequence of the vector with the VEGFA sgRNA.
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To determine the DNA methylation status of the native VEGFA promoter, gDNA
of untreated HEK293 cells was analysed, revealing less than 1 % methylated
CpG sites (Figure 11a). To study the efficiency of targeted DNA methylation,
HEK293 cells were transfected with the cocktail of plasmids encoding dCas9S,
a3A3L and sgRNA. Treatment of cells resulted in methylation of the analysed
region to various extent (Figure 11a). The methylation level varied between CpG
sites with a minimum value of 38 % and a maximum of 88 %. The average DNA
methylation calculated based on the 12 CpG sites present in the analysed region
was 69 %. Two independent transfections and downstream DNA methylation
analysis were conducted and showed reproducible results with the mean DNA
methylation of the targeted region equal to 69 % (Figure 11b). Thus, the
dCas9S/a3A3L EpiEditor recruiting multiple effector domains was able to
methylate the targeted genomic region and as expected the level of DNA

methylation was higher than in earlier experiments used the ZFP-based targeting.
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Figure 11. Targeted methylation of the VEGFA promoter.

a Line chart showing the methylation levels of individual CpG sites in the VEGFA region analysed
by bisulfite NGS in untreated HEK293 cells (blue line) and 3 days after transfection with the
dCas9S/a3A3L/sgRNA (orange line) (data show one biological experiment). b DNA methylation
levels of the analysed region in untreated and treated HEK293 cells (average methylation and
individual values are shown, n=2 biological replicates).

3.2 Targeting multiple genes of the VEGFA pathway

To increase the antineoplastic effect, three main directions could be used,
namely, targeting multiple pathways, targeting multiple nodes in one pathway or

a combination of both. In order to investigate the potential for improvement within
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a given pathway, the second approach was implemented here. It is known that
VEGFA is a secreted protein, which works as paracrine and autocrine growth
factor stimulating cell migration, proliferation and angiogenesis, while effects of
VEGFA are mediated via the VEGFR1 and VEGFR2 receptors. Thus, depletion
not only of VEGFA but also of both main receptors of its signaling pathway should
in theory enhance the efficiency of the whole strategy. To silence all three genes
VEGFA, VEGFR1 and VEGFR2 simultaneously, an appropriate DNA methylation

strategy was developed.

3.21 Design of sgRNAs targeting the VEGFA, VEGFR1 and VEGFR2
promoters

DNA methylation represses genes via two mechanisms, generation of more
condensed chromatin and prevention of transcription factors binding to their
recognition sequences. Many transcription factors have CpG sites in their
recognition sequences and some have reduced affinity to the sequences if the
CpG sites are methylated [185]. Thus methylation of transcription factor binding
sites in gene promoters should be expected to reduce transcription rate. Usually
multiple transcription factors influence expression of one gene in a cell line
dependent way. It is a difficult task to identify the main TFs involved in the
regulation of a particular gene in a particular cell line. To simplify the task one
may look at regions where most of the TFs bind. Often, these are the regions of
open chromatin, where DNA is more accessible for DNA interacting proteins.
These regions can be identified mainly by two techniques, namely DNase |
hypersensitive sites sequencing (DNase-seq) and assay for transposase-
accessible chromatin using sequencing (ATAC-seq). Data produced by using
these techniques for HEK293 cells were identified in the GEO database (GEO
accession GSE108513), downloaded and visualized using the UCSC Genome
Browser (Figure 12). As one can see at the VEGFA promoter region (Figure 12a),
there is an open chromatin area (orange dashed frame) about 250 bp upstream
of the region analysed by bisulfite NGS (old target region) that was discovered
by both assays. Additionally, it had been published that the TF Sp1 promotes
angiogenesis and migration of SKOV3-T ovarian cancer cells [52] via binding

sites that are also located in this open chromatin region [51]. Based on these data
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this area was selected as new target region for the dCas9-based EpiEditors.
Retargeting was attempted by selecting two new sgRNAs in the vicinity of the
new target region (Figure 12a). Following this strategy, open chromatin regions
at the VEGFR1 and VEGFR2 promoters were also analysed. Targeting regions
were selected based on the overlap of the DNase-seq and ATAC-seq data sets.
Two sgRNAs were designed per gene using the NGG sequences available in the

vicinity of the target region ends (Figure 12b,c).

a 500 pases | ha1g
chre 43,737,500l 43738000] " 43,738500] 43.739.000]
VEGFA
DNase-seq
ATACseq R
500 bases |
chri3 29,068,500| 29,059,000 29,070,000 |
DMase seq g
ATAC-seq
[

500 bases |
chr4 55.991,500] 55,392,000 55,992,500|
DNase-seq - ‘
- I

ATAC-seq I

Figure 12. Selection of the target regions for DNA methylation of the VEGFA, VEGFR1 and
VEGFR2 promoters.

UCSC Genome Browser views showing the VEGFA (a), VEGFR1 (b) and VEGFR2 (c) promoter
regions with the CpG islands (green bar), two data tracks depicting DNase-seq and ATAC-seq of
the HEK293 cells. Open chromatin regions are shown by orange dashed frames and sgRNA
binding sites are shown as blue bars. Target regions for DNA methylation and subsequent bisulfite
sequencing are shown as grey bars and labeled as “Analysed region”. In a the former target
region used for ZFP-targeted methylation (Old target region) and the one designed for the current
study (New target region) are indicated.

At first, six single sgRNA vectors, two for each gene, were cloned (Figure 13). To
achieve multiple gene methylation, co-transfection of cells with a mix of the three
sgRNA expressing vectors would be one practical possibility. However, in order
to ensure that cells get all three sgRNAs one could conduct an additional cloning
step to assemble all three sgRNA expression cassettes in one vector. This
approach was utilized in this study and the multi-sgRNA1 vector was cloned for
expression of three sgRNA1 targeting the genes VEGFA, VEGFR1 and VEGFR2
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(Figure 14a,b). Using the same approach, the three sgRNA2 targeting the same

genes were cloned into multi-sgRNA2 vector (Figure 14c).

? VEGFA

AGTATTTCGATTTETTGGCTTTATATATCTTGT g T TGTTTTAGAGETAGAAATAGCAAGTTARAATAAGECTAGTCCGTTATCAACTTEAAAAAGTE
L 4 L 4 4 L 4 L 4 L

L 4 L

TCATAAAGC TAAAGAACCGAAATATATAGAACACCTTTCCTGETTTGggeGTCTCARAGGCCCCCGLCTACAAAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAACTTTTTCAC
U8 promater > — ) —

WGTATTTCGATTTCTTOOCTTTATATATCTTOTOGAA 1 TT TOTTTTAGAGCTAGARATAGCAAGTTARAATAAGBCTAGTCCOGTTATCAACTTGARAAAGTE

AGTATTTEGATTTCT TGO T TTATATATCTTOTGGARAGBACGAARCACCECAGAGT TTELGGGGCOGATGTTTTAGAGCTAGAAATAGCAAGT TAAAATAAGGETAGTCCGT TATCAALTTGARAAAGTE

GATTTCTTOOCTTTATATATCTTGTOGAAAGOACGAAACACCOECACOACCTECOAGCTACCOTTTTAGAGCTAGAAATAGCAAGTTARAATAAGGETAGTCCOTTATCAACTTOAAARAGTGOCACEOAGT

+ + t + + + t + t + +
CTAAAGAACCGARATATATAGAACACCTTTCCTEETTTGE gQEEETGETEGAGGCTCEATGECAAAATCTCGATCTTTATCGTTCAATTITATTCCGATCAGGCAATAGTTGAACTTTTTCACCGTGECTCA
Ug pramater > L T A el ==

GATTTCTTOOCTTTATATATCTTGTOOAAAGOACGAAACACCOECACOACCTCCOAGCTACCOTTTTAGAGCTAGAAATAGCAADT TARAATAAGGCTAGTCCOTTATCAACTTOAAARAGTGOCACCOAGT

GATTTCTTGGCTTTATATATCT TG TGGAAAGGACGAAACACCELCACGACCTCCGAGCTACCGTTTTAGAGCTAGAAATAGCAAGT TAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT

VEGFR1

GTATTTCGATTTCTTGECTTTATATATCTTGT T TCTCRGTTTTAGABCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCETTATCAACTTEARARAGTE

+ t t + + + + + t t
CATAAAGET ATATAT TTTCCTGCTTTG gy T ARATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAACTTTTTCAC

U6 promoter

GTATTTCOATTTCTTGGCTTTATATATCTTGT T TCTECGOTTTTAGAGCTAGAAATAGCAAGTTARAATAAGGCTAGTCCOTTATCAACTTOARAAAGTS

GTATTTCGATTTCTTGGCTTTATATATCT TGTGGAAAGGACGARACACCGCGEECTHAGLGCCCETCTCOGT TTTAGAGCTAGAAATAGCAAGT TARAATAAGGCTAGTCCETTATCARCT TGARARAGTG

GTATTTCOATTTCTTGGCTTTATATATCTTGT
s s '

TTEACET! TTTTAGAGCTAGARATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTOARAAAGTGG!
: ; : s L s

CATAAAGCTAAAGAACEGAAATATATAGAACACCTTTCCTGETTTGLggETEBEEAACTGCAGTEOTETCAAAATCTCOATETTTATCGTTCAATTTTATTCCGATCABGCAATAGTTGAACTTTTTEACE

U6 promoter e ORI s A S

GTATTTCGATTTCT TG CT T TATATATCTTGTGGAAAGGACGAAACACCBACCCCTTOACATCACCAGAGTTTTAGAGC TAGAAATAGCAAGTTAAAATAARGGCTAGTCCGTTATCAACTTGAAAAAGTGE!
GTATTTCGATTTCTTGECTTTATATATCTTGTGGAAAGGACGAAACACCEACECCTTEACGTCACCAGAGTTTTAGAGC TAGAAATAGCAAGT TAARATAAGGCTAGTCCGTTATCAACTTGARAAAGTGG

VEGFR2

TATTTCOATTTCTTGOCTITATATATCTTOTOBAARGEACGAAACACCOECABCREAGTCCAGTTOTGTGT TTTAGAGCTAGAAATAGCAAGT TARAATAAGGCTAGTCCBTTATCAACTTGAAAAAGTEE
! M L M | . N H L 4 L L N

t t + t + t t t t t t +
CATARAGCTAAAGAACCGAAATATATAGRACACCTTTCCTGCTITGLgYCGETCGCGTCAGGTCAACACACARAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGLCAATAGTTGAACTTTTTCACC
U6 promater > [ I —

STATTTEGATTTCTTGECTITATATATCTTGTO6AAAGEACGARACACCECABCACABTECABTTGTGTAT TTTAGAGCTAGAAATAGCAAGT TARAATAAGECTAGTCCETTATCAACTTGAAMARGTEE

TATTTCGATTTCTTGGCTTTATATATCTTGTGEAAAGGACEARACACCGCCAGCECAGTCCAGTTGTGTGT TTTAGAGCTAGAAATAGCAAGT TARAATAAGGCTAGTCCETTATCAACT TGAARAAGTGE

FCBATTTCTTGGCTTTATATATCTTGTGOAAAGGACGAAACACCGBBCBTCTGCEBGTOCCOGTGTTTTAGAGCTAGARATAGCAAGT TAAAATAAGGCTAGTCCGTTATCAACTTGR
L L I L ' L L 4 M s 4 4

t t t t t t t t t t t 1
AGCTAAAGAACCGAAATATATAGAACACCTTTCCTGCTTTGtggCCCGCAGACGCCCACGGCCACAAAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAACT

U6 promoter > D - R A Seseld =

FCGATTTCTTGGCTTTATATATCT TG TGGAAAGGACGAAACACCGEGCGTCTGCGGGTGCCGGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGE

FEGATTTCT TG T T TATATATCT TG TGEAAAGGACGARAACACCGGGCGTCTGCGGGTGCCEETETTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCETTATCAACTTGS

Figure 13. sgRNAs targeting the VEGFA, VEGFR1 and VEGFR2 promoters cloned into the
single sgRNA expression vectors.

Sanger sequencing results of vectors expressing sgRNAs targeting the VEGFA (a), VEGFR1 (b)
and VEGFR2 (c) promoters. Screen shots showing SnapGene views with the scheme of the
sgRNA expression cassettes (colored arrows) underneath the vector sequence (bold font). Below
an exemplary sequencing result is shown in normal font.
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Figure 14. Cloning of the multiple sgRNAs expression vectors.

a Cloning strategy used to generate the multiple sgRNAs expression vectors. This example
illustrates the generation of the multi-sgRNA1 vector containing the VEGFR1_sgRNA1,
VEGFR2_sgRNA1 and VEGFA_sgRNA1. Sanger sequencing results of the multi-sgRNA1 (b)
and multi-sgRNA2 (c) vectors are shown using SnapGene. Alignments of two sequencing reads
per plasmid are shown as red arrows.

3.2.2 Simultaneous methylation of three genes of the VEGFA pathway

First, basal levels of DNA methylation at the three target regions in the HEK293
cell line were analysed by bisulfite sequencing. The data showed that the level of
methylation at each of the three loci was less than 1.2 % (Figure 15, blue data
sets). Targeted DNA methylation of multiple genes was conducted using the

dCas9S, a3A3L and multi-sgRNA1 vectors and DNA methylation was analysed
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three days after treatment. As shown in Figure 15 (orange data sets), all three
designed sgRNA1 were able to recruit the dCas9S/a3A3L complex to their
respective target genes and increase DNA methylation in all tested regions. Every
region was characterized by a uniqgue DNA methylation pattern as observed
previously, i.e. individual CpG sites had different methylation levels. In the
VEGFA promoter the maximum methylation reached was 55 % at the CpG site
#6 (Figure 15a), whereas CpG sites #13-18 showed hardly any methylation
introduced by the EpiEditor. Based on the two biological replicates, the mean
level of DNA methylation of the whole region delivered by the EpiEditor was about
19 %. DNA methylation of the VEGFR1 promoter was more efficient (Figure 15b),
with methylation levels of individual CpG sites ranging from 22 to 92 %.
Calculations of the average methylation levels of the whole analysed region
revealed around 60 %, which was much higher compared to the levels achieved
for the VEGFA promoter. Analysis of the VEGFR2 region (Figure 15c) revealed
a maximum methylation level of 86 % at the CpG site #19 and 41 % for the overall
region. Thus, using a vector encoding three sgRNAs targeting different genes
allowed multiplexed methylation of corresponding targets. DNA methylation
conducted using the multi-sgRNA2 vector, encoding the second set of sgRNAs,
and dCas9S, a3A3L vectors were also performed. Bisulfite sequencing revealed
that all three sgRNAs were able to recruit the EpiEditor to the target regions
(Figure 15, grey data sets). Methylation profiles and average levels of the VEGFA
and VEGFR1 promoters were similar to the sgRNAs set #1 and reached about
19 % and 52 %, respectively (Figure 15a,b; grey data sets). Use of the sgRNA2
lead to a different methylation profile at the VEGFR2 promoter compared to the
sgRNA1 and a higher methylation level of 61 % (Figure 15c; grey data set). Thus,
both designed multi-sgRNA expressing vectors were efficient and the goal of

setting DNA methylation at multiple targets was achieved.
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Figure 15. Methylation of multiple genes of the VEGFA pathway.

Results of simultaneous methylation of the VEGFA (a), VEGFR1 (b) and VEGFR2 (¢) promoters.
Line charts show methylation of individual CpG sites in corresponding regions of one biological
sample analysed by bisulfite NGS. Bar diagrams depict mean DNA methylation level of the whole
region calculated from two biological samples, individual values are shown as well. Methylation
of untreated HEK293 cells (blue data set), and cells 3 days after transfection with the
dCas9S/a3A3L and multi-sgRNA1 (orange data set) or multi-sgRNA2 (grey data set) are shown.
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3.3 Development of approaches for targeted DNA methylation with
higher specificity than the published ZFP-based EpiEditors
One further aim of the study was to increase the specificity of targeted
methylation compared to the ZFP-based strategy used in the previous study
[178]. To achieve this goal, the ZFP was replaced by the dCas9/sgRNA, which
binds to a 20 bp target region and should thus reduce off-target effects originating
from the DBD. Additionally, we and another group had shown that in the dCas9
system off-target DNA methylation comes from unspecific binding of the a3A3L
to DNA and not from off-target binding of the dCas9/sgRNA complex [171], [174].
In that study several mutants of DNMT3ACD within the a3A3L protein had been
designed aiming to reduce DNA interaction and their activity and specificity had
been characterized [171]. The variant of the a3A3L with R887E mutation
demonstrated higher specificity and slightly reduced activity compared to the wild
type protein. This variant was used in the current study for the targeted

methylation of the VEGFA pathway genes.

3.3.1 Comparison of the occurrence of the dCas9 and ZFP binding sites in
the human genome

The specificity of targeted DNA methylation depends on many properties, one of
which is the length of a recognition sequence of the DNA-binding domain. The
longer the recognition sequence, the less frequently it occurs in the human
genome, leading to a lower number of off-target sites. To compare the specificity
of the ZFP and the dCas9/sgRNA targeting the VEGFA promoter, a program was
written using Python programming language to count the occurrence of the
recognition sequences in the human genome. Firstly, the occurrence of the ZFP
target sequence and the VEGFA sgRNA binding sequence (from Figure 9) in the
human genome assembly hg19 was calculated. As one can see, the short ZFP
recognition sequence (9 nt) was found 12,980 times and the nineteen nucleotides

long sgRNA binding sequence was found only once (Table 7).
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Table 7. Target sequences of the ZFP and sgRNA targeting VEGFA and their
occurrence in human genome.

Sequence Perfect match, | One mismatch
counts allowed, counts

GGGGGTGAC 12,890 404,477

GGCGGTCACCCCCAAAAGC 1 2

Assuming that binding specificity is not absolute and proteins can bind to
sequences containing a single nucleotide mismatch, this would give more binding
sites. A modified version of the program was written and the occurrences of
sequences with these parameters was analysed. As one can see in Table 7, more
than 400,000 degenerate sites were found for the ZFP protein but only one
additional binding site appeared for the sgRNA. An additional requirement for the
dCas9/sgRNA complex binding to the target site is the presence of a PAM
sequence 3’ to the sgRNA binding site. The existence of the NGG PAM sequence
of S. pyogenes dCas9 used in the study was checked. None of the four NGG
sequences was found at the binding sites with one nucleotide mismatch. This
means, that there is a unique binding site in the human genome for sgRNA
targeting the VEGFA promoter, if only one mismatch is allowed, confirming that
the dCas9 is a more specific DNA-binding module than this particular ZFP

protein.

3.3.2 Multiplex methylation of the VEGFA pathway genes using a more
specific mutated EpiEditor

The experiment was conducted with the more specific variant a3A3L-R887E
using the same conditions as for the wild type EpiEditor described above to allow
direct comparison of these two effector domains. Both sgRNAs were able to
recruit dCas9S/a3A3L-R887E to the VEGFA region (Figure 16a). The DNA
methylation profile per CpG site looked quite similar to the one obtained with the
wild type variant, but overall a lower level of methylation was reached. A
maximum DNA methylation of 48 % was detected at the CpG site #21 and some
methylation delivered at CpG sites # 1-8 (Figure 16a, left panel). No editing was
observed at the CpG sites # 10-19. The mean DNA methylation of the targeted
region was about 7 and 6 % for sgRNA1 and sgRNA2, respectively, which is
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about 3 times lower than for the wild type construct (Figure 16a, right panel).
Similarly, the dCas9S/a3A3L-R887E variant deposited methylation at the
VEGFR1 and VEGFR2 promoters targeted by either sgRNA1 or sgRNA2. The
maximum methylation of the VEGFR1 region was achieved at the CpG site #1,
which was 78 % (Figure 16b, left panel) and thus nearly as high as observed for
the wild type a3A3L (83 %, Figure 15b, left panel). But overall methylation of the
VEGFR1 promoter dropped significantly to about 30 and 14 % for sgRNA1 and
sgRNAZ2, respectively, i.e. 2.0 and 3.8 times lower than the values obtained with
the wild type Ab-3a3l construct (Figure 16b, right panel). The highest levels of
methylation of the VEGFR2 promoters were detected at the 3’ end of the
analysed region, where for 3 CpG sites (#21, 24 and 26) more than 75 %
methylation was achieved if a3A3L-R887E was used in combination with the
sgRNA2 (Figure 16c, left panel). By comparison, the same CpG sites were
methylated by the wild type a3A3L to about 90 % (Figure 15c, left panel). Average
methylation of the VEGFR2 region also showed a more than 2-fold reduction
compared to the wild type Ab-3a3l and was 15 and 27 % for the sgRNA1 and
sgRNAZ2, respectively (Figure 16c¢, right panel). Thus, the more specific mutant
a3A3L-R887E was able to simultaneously set methylation at multiple target

genes, but with lower efficiency.
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Figure 16. Simultaneous methylation of the VEGFA pathway genes with the enhanced
specificity EpiEditor variant.

Methylation of the VEGFA (a), VEGFR1 (b) and VEGFR2 (c) promoters. Line charts show
methylation of individual CpG sites in corresponding regions taken from one biological replicated
analysed by bisulfite NGS. Methylation of untreated HEK293 cells (blue data set, taken from
Figure 15 for comparison), and cells 3 days after transfection with the dCas9S/a3A3L and multi-
sgRNA1 (orange data set) or multi-sgRNAZ2 (grey data set) are shown. Bar diagrams depict mean
DNA methylation levels of the whole region calculated from two biological replicates using the
enhanced specificity EpiEditor (R887E) and the wild type variant (WT, data taken from Figure 15
for comparison); values of individual replicates are shown as dots.
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3.3.3 Comparison of off-target editing activity of the wild type and R887E
EpiEditors

As mentioned above, the R887E variant had been shown to have reduced off-
target DNA methylation in comparison to the wild type a3A3L [171]. To validate
this in the current study, DNA methylation analysis of one off-target genomic
region was conducted. For this purpose the promoter of the ISG15 gene was
selected, since it had been shown to have a permissive chromatin and was
efficiently methylated by EpiEditors [171]. gDNA from the experiments described
in chapters 3.2.2 and 3.3.2 was analysed and data showed that the R887E variant
had approximately 5-fold lower off-target methylation compared to the wild type
a3A3L (Figure 17).
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Figure 17. Off-target DNA methylation of the wild type and R887E variants of the EpiEditor.
Off-target DNA methylation introduced by the wild type (WT) and R887E variants of the EpiEditor
was analysed at the ISG15 promotor region. The bar diagram shows average DNA methylation
level of the sequenced region based on two biological replicates, which are shown as dots. Data
from experiments conducted using the multi-sgRNA1 (sgRNA1) and multi-sgRNA2 (sgRNA2)
vectors are shown.

3.3.4 Multiplex methylation of three genes using double sgRNA targeting
The experiment described in paragraph 3.3.2 showed that the a3A3L-R887E
variant can be used for multiplex methylation of multiple genes, but levels of
achieved methylation were lower compared to the original wild type construct. To
increase DNA methylation of targets with the R887E variant, an additional
approach was tested. Since two sets of sgRNAs were designed for every
promoter, use of both of them to recruit two dCas9S to one target region should

lead to a higher number of a3A3L-R887E molecules bound to the locus. In effect,
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this oligomerisation of a3A3L-R887E along the DNA may result in higher
methylation. Since sgRNA binding sites were selected in a way that PAM sites
face each other inversely, this setting may lead to preferential recruitment of
a3A3L-R887E between dCas9S molecules, which could also facilitate
methylation of the target region. Firstly, all six sgRNAs prepared earlier were
cloned into one multiple sgRNA expression vector using the same protocol
(Figure 18a). The multi-sgRNA3 plasmid was sequenced to confirm correct

assembly of the vector (Figure 18b).
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Figure 18. Cloning of six sgRNAs into one multiple sgRNA expression vector.

a Cloning scheme to generate six sgRNA expression vector using Golden Gate Assembly
protocol. Produced using SnapGene. b Alignment of Sanger sequencing results performed to
confirm a sequence of the obtained multi-sgRNA3 plasmid. Image generated using SnapGene.

DNA methylation of the VEGFA, VEGFR1 and VEGFR2 promoters was
conducted using dCas9S, a3A3L-R887E and multi-sgRNA3 vectors.
Appearances of de novo DNA methylation was analysed following the standard
procedure. Results are shown in Figure 19 (green data set). As one can see, use

of the multi-sgRNA3 was successful and lead to the deposition of DNA
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methylation at all three target regions. Interestingly, the levels of DNA methylation
at single CpG cites were at least as high as obtained with the single sgRNA
protocol (data sets of multi-sgRNA1 and multi-sgRNA2 shown in orange and grey
are taken from Figure 16 to simplify a direct comparison with the multi-sgRNA3).
Collectively, the average methylations of the different target regions were higher
than those achieved by use of single sgRNAs although differences were in some

cases modest (Figure 19, right panels).
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Figure 19. Methylation of the VEGFA pathway genes using the enhanced specificity
EpiEditor and two sgRNAs per target.

Results of simultaneous methylation of the VEGFA (a), VEGFR1 (b) and VEGFR2 (¢) promoters.
Methylation data obtained with the dCas9S/a3A3L-R887E variant and the multi-sgRNA3 vector
expressing two sgRNAs per gene are presented by the green data set (sgRNA3). Methylation
achieved with the multi-sgRNA1 (sgRNA1, orange data set) and multi-sgRNA2 (sgRNA2, grey
data set) and dCas9S/a3A3L-R887E was taken from Figure 16 and shown to simplify a direct
comparison with the multi-sgRNA3 vector. Line charts show methylation of individual CpG sites
in corresponding regions (represent one biological replicate). Bar diagrams depict mean DNA
methylation level of the whole regions calculated from two biological replicates, the individual data
points are shown as dots.
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It is known that the efficiency of epigenome editing depends on the expression
levels of its components, in this case dCas9S, a3A3L and sgRNAs. The obtained
results could be explained by lower expression levels of these components
compared to the previous single sgRNA per gene experiment. Since a co-
transfection of cells followed by the FACS enrichment of triple-positive population
was performed in all experiments, the expression levels of fluorescent proteins
was compared. Due to design of the vectors tagBFP and sfGFP expression levels
directly correlate with the expression of dCas9S, a3A3L proteins respectively.
Expression of DsRed, which is present of the multi-sgRNA plasmids does not
directly link to expression of sgRNAs but reflects the amount of the corresponding
plasmid in cells and may thus be used as an indirect indicator of sgRNA
expression. As one can see in both experimental replicates, the multi-sgRNA3
cells showed the same expression level of tagBFP and even higher expression
of sfGFP, compared to multi-sgRNA1 or multi-sgRNA2 cells (Figure 20).
Expression of DsRed in multi-sgRNA3 cells has a similar level to the one of the
replicates of multi-sgRNA1 cells, showing the lowest expression level. Thus all
these data demonstrated that the benefit of using two sgRNAs per target cannot

be explained by low expression of EpiEditors.
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Figure 20. Comparison of EpiEditors expression levels.

Expression of three fluorescent proteins present on three plasmids encoding components of
EpiEditor are plotted as relative fluorescent units. Expression of tagBFP and sfGFP is a direct
measure of the dCas9S and a3A3L expression levels. Expression of DsRed correlates with the
amount of sgRNA coding plasmid in cells. Every marker represents one of two biological
experiment conducted with multi-sgRNA1, multi-sgRNA2 and multi-sgRNAS3.
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3.4 Analysis of patterns of targeted DNA methylation

3.4.1 Comparison of DNA methylation of both DNA strands

CpG sites have three states of methylation, unmethylated, hemimethylated, and
fully methylated and all three forms exist in the human methylome. Methylation
states are recognized by readers, for example, proteins containing a methyl-CpG-
binding domain (MBD) for interaction with methylated CpG sites [186]. It is known
that there are MBDs with preferential binding to fully methylated CpG sites [187].
Since some MBD-containing proteins are involved in maintenance of DNA
methylation and silenced chromatin states, the status of methylation introduced
by epigenome editing may affect the stability of DNA methylation and efficacy of
target gene silencing. In the experiments described earlier, only one strand of the
target regions was analysed. To get a complete understanding of the methylation
state of CpG sites the complementary DNA strand has to be analysed too.
Therefore, a second set of primers binding to the complementary strand of the
target regions was designed and bisulfite converted DNA from experiments
presented earlier was used for the library generation. Sequencing of samples
a3A3L and a3A3L-R887E in combination with multi-sgRNA1 or multi-sgRNA2
was conducted. Methylation of the sense and antisense strands of the VEGFA
and VEGFR1 promoters is shown in Figure 19 as bar diagram with overlaid
datasets. Unfortunately, all attempts to amplify the antisense strand of the
VEGFR2 were not successful and this data set had to be excluded from the

analyses.

In case of the VEGFA region slightly different regions were analysed due to
limitations in primer design for PCR on bisulfite-converted DNA. Therefore, the
CpG site #1 was only analysed in the sense strand, and the CpG sites #22-24
were only analysed in the antisense strand. The amplicons designed for the
VEGFR1 region covered identical CpG sites on both DNA strands (Figure 21).
Overall, DNA methylation was obtained on both DNA strands no matter what Ab-
3a3l variant or sgRNA was used. Correlation analysis of methylation levels on
both DNA strands aiming to look at the prospective relationships between them
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showed that methylation levels are very similar at the VEGFR1 region with
Pearson’s r values of 0.96-0.97. This suggests that most CpG sites are in a fully
methylated state. By contrast, methylation levels of opposite strand CpG sites in
the VEGFA region differed significantly and lower Pearson’s r values 0.67-0.85
were obtained, which probably means that many CpG sites were hemimethylated

and de novo methylation was set in the antisense strand.
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3.4.2 Dependence of DNA methylation efficiency on the distance from the
PAM site

The dCas9/sgRNA complex binds to its target locus and recruits the a3A3L DNA
methyltransferase, which will methylate CpG sites in close proximity. One can
expect that there is an optimum distance from the sgRNA target site, where
maximum methylation activity is possible and that levels of DNA methylation will
decrease with distance. This knowledge if confirmed would provide rules for the
design of DNA binding sites to achieve maximum efficiency of DNA methylation
at smaller defined target loci, for example TF binding sites. To analyse this
hypothesis, methylation of the individual CpG sites and their distance from the
PAM sequence were derived from the available sequencing data. DNA
methylation levels of two replicates were used to calculate average values, which
were plotted against the distance from the PAM sequence (Figure 22). Data
analysed after treatment of cells with the a3A3L-R887E variant guided by the
multi-sgRNA1 or multi-sgRNA2 to the VEGFA and VEGFR1 promoters were
combined in one plot and they are shown for the sense (upper left panel) and the
antisense strand (upper right panel). As one can see, there is a very weak anti-
correlation between the DNA methylation level and the distance from the PAM
site. The highest de novo methylation was observed around 20 to 50 bp from the
PAM site and it declined when moving away from the PAM site. Experiments
conducted using two sgRNAs per target were excluded from the study since there
are two complexes bound to the locus and they both introduce DNA methylation.
Analogously, the same analysis was conducted for the wild type a3A3L variant,
which showed no correlation between the efficiency of de novo DNA methylation

and distance from the PAM sequence (Figure 22, low panels).
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Figure 22. Dependence of DNA methylation efficiency on the distance from the PAM site.
Scatter plots show methylation of individual CpG sites and their distance from the PAM sequence.
A linear regression line and Pearson’s r correlation coefficient are shown. The two upper plots
show data for the a3A3L-R887E variant and DNA methylation of the sense strand (left panel) and
antisense strand (right panel). The two low plots show data for the a3A3L wild type and DNA
methylation of the sense and antisense strands (left and right panels correspondingly).

3.4.3 Comparison of the DNA methylation efficiency with the flanking
sequence preferences of DNMT3A and DNMT1 DNA
methyltransferases

Targeted methylation of three promoters conducted in the current study revealed
the great diversity of methylation levels of individual CpG sites within the analysed
loci. A possible explanation of this effect could be the flanking sequence
preference of DNA methyltransferases. It has been shown that the activity of DNA
methyltransferases DNMT3A, DNMT3B, and DNMT1 depends on the flanking
sequence of CpG sites [188], [189]. This means that these enzymes contact
nucleotides outside of CG dinucleotides and the nature of the flanking nucleotides
makes a particular CpG site a preferred or disfavored substrate. The maximum
effect on methylation activity was shown for flanking nucleotides at the positions
from -3 to -1 and +1 to +3 relative to a CG site. In the current work, the catalytic

domain of the DNMT3A methyltransferase was used to set DNA methylation, thus
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it makes sense to compare levels of methylation of individual CpG sites with
DNMT3A flanking preferences. DNA methylation patterns are maintained in cells
by DNMT1, which has its own preferences of flanking sequences, so some de
novo methylated CpG sites might be maintained better than others. Therefore, a
comparison of obtained DNA methylation with the DNMT1 flanking preference

had to be conducted too.

Flanking sequences of analysed CpG sites were extracted from target sequences
that lead to generation of octamer sequences NNNCGNNN, where N are flanking
nucleotides. Methylation levels for all CpG sites and their flanks were analysed
for the sense and antisense strands and the wild type a3A3L and the a3A3L-
R887E variants. Flanking sequence preference scores of the DNMT3A and
DNMT1 were taken from published data [188], [189].
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Figure 23. Comparison of DNA methylation levels of individual CpG sites with the flanking
sequence preferences of DNMT3A and DNMT1.

Heatmaps show flanking sequences of individual CpG sites and their methylation preferences by
the wild type (WT) or a3A3L-R887E (RE) variants. CpGs are sorted by methylation preferences
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and compared with the methylation preference scores of DNMT3A (3a) and DNMT1 (D1). CpG
sites of the sense and antisense strands were analysed separately. Pearson’s correlation
coefficients for pairs of data sets (WT or RE with 3a or D1) are shown.

Comparison of DNA methylation preferences versus published DNMT3a data
revealed a moderate correlation between methylation introduced by the wild type
a3A3L (WT) at the sense strand and flanking preference of DNMT3A (3a) with
Pearson’s coefficient of 0.48 (Figure 23). A somewhat weaker correlation was
observed for the activity of the a3A3L-R887E (RE) variant on the sense strand
and the flanking preference of DNMT3A (Pearson’s coefficient 0.36). In contrast,
none of the methylation patterns showed correlation with the flanking preference
of DNMT1 (D1). Interestingly, the extent of methylation of CpG sites on the
antisense strand was not correlated to either flanking preference of DNMT3A or
DNMT1 (Figure 23).
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4 Discussion

This project aimed to enhance editing efficiency and specificity at the VEGFA
promoter by application of CRISPR/Cas9 technology instead of the previously
used ZPF-technique. This allowed to i) increase efficiency of on-target DNA
methylation, ii) to increase prospective antineoplastic efficacy by multiplex editing
of the three genes VEGFA and its receptors VEGFR1 and VEGFR?2, iii) to
decrease off-target effects, and finally, iv) to conduct in-depth analysis of
introduced DNA methylation patterns to be able to achieve more efficient

epigenome editing in the future.

4.1 Methylation efficiency

The first aim was to increase the efficiency of DNA methylation at the VEGFA
promoter. To approach this aim, the effector domain with the highest known DNA
methyltransferase activity and the recruitment system able to bind several
effector domains published recently [171] were used. The CRISPR/dCas9
construct with ten SunTag repeats, which are theoretically able to recruit up to
ten DNMT3ACD-DNMT3LCD effector domains was targeted to the VEGFA
promoter. As shown by targeted bisulfite sequencing, DNA methylation of up to
88 % was achieved at several CpG sites, resulting in an average methylation of
the analysed region of 69 %. The two previous studies have reported that 43 and
49 % of methylation of the VEGFA promoter was introduced using single
DNMT3ACD and DNMT3ACD-DNMT3LCD effector domains respectively [177],
[178]. Although one cannot directly compare these results, since different cell
lines HEK293 and SKOV3 cells were used, the data of this study showed that
higher methylation levels of the VEGFA locus than the published ones are
possible and the 10xSunTag was able to enhance on-target epigenome editing.
Hence, the goal to increase on-target methylation efficiency of the VEGFA
promoter was achieved by the combination of two strategies: the use of the highly
active methyltransferase effector domain and the 10xSunTag system for activity
amplification.
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There are only a few studies that reported the implementation of the 10xSunTag
system for epigenome editing to amplify on-target activity of DNA methylation. It
had been used in combination with the DNMT3ACD-DNMT3LCD [171], the
DNMT3ACD [173], and DNMT3A enzymes [172]. In all three cases, the efficiency
of editing with and without the 10xSunTag was directly compared and only the
latter study showed a significant increase of on-target methylation associated with
the 10xSunTag system. Levels of DNA methylation reached in this study are quite
high compared to results published by other groups, which typically reported a
range from 5 to 50 % [153], [167], [173], [177], [178]. This can be explained by
the higher efficiency of the applied system and by differences in experimental
conditions such as the selected cell line, target gene, EpiEditor expression levels.
While the latter is not possible to assess without additional experiments, the
activity of various methyltransferases had been compared by several research
groups. The DNMT3ACD-DNMT3LCD protein selected for this study outperforms
the DNMT3ACD and the full-length DNMT3A [169][177][172] and its combination

with the 10xSunTag had given a very promising results [171].

Several groups showed that the introduced DNA methylation is transient and is
lost a few days after epigenome editing [177], [178]. One of the possible
explanations of the transiency is that moderate levels of introduced DNA
methylation are not maintained in cells. Genome-wide analysis of native
methylomes shows generally bimodal distributions [72], [73]: many regions have
low or high methylation level and very few an intermediate one, suggesting that
high methylation levels may be more stable compared to intermediate levels (P.
Bashtrykov, unpublished work). Thus the higher methylation efficiency achieved
in the current study may help to overcome the problem of transiency. This

hypothesis requires experimental validation and will be tested in the future.

4.2 Multiplex targeting

Targeted silencing of multiple “druggable” genes, for example, oncogenes, is a
very attractive and successful approach to achieve a synergistic therapeutic
effect. However, multiplex targeting of cancer-associated genes has a very strong

economic burden, since providing drugs for several targets will increase final
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treatment costs. Moreover, the approach also bears therapeutic and health risks
due to the possibility of drug-drug interactions (DDI). In the case of targeted
epigenome editing, the generation of additional sgRNAs required for targeting
multiple genes and cloning them into a combined therapeutic vector could have
minimal extra costs and DDIs are avoided. The unique nature of the
CRISPR/Cas9 system, which is guided by sgRNAs, makes it an ideal tool to
realize multiplex gene editing, since several sgRNAs can be delivered into cells
to recruit the dCas9-based EpiEditor to diverse targets. By contrast, ZFP- and
TALE-based DBDs would require generation of an array of proteins targeting
individual loci. In this project, the second aim was to set DNA methylation at three
genes, VEGFA and its receptors, which was successfully achieved by the use of
vectors expressing multiple sgRNAs binding the targets and co-transfected with
the EpiEditor. Two sgRNAs were designed and tested for each gene and resulting
in average methylation levels of 19 %, 41 % and 60 % for VEGFA, VEGFR2 and
VEGFRH1, respectively. Interestingly, the level of VEGFA methylation was roughly
3-times lower compared to the downstream region targeted in the first
experiment, which may be explained by different chromatin environments at

these loci.

The multiplex targeting approach had been demonstrated in several previous
studies. For example, epigenome editing at two promoters was achieved with
several sgRNAs and the dCas9-M.Sssl mutant, but significant levels of
methylation were seen only at maximum two CpG sites close to the sgRNA
binding sites [190]. Another study published multiplex methylation of two genes
by using a mix of two single sgRNA coding vectors [169]. Multiplex targeting of
three loci, two CTCF binding sites and the UNC5C promoter, had been shown by
use of dCas9-10xSunTag/DNMT3ACD [173], where methylation of three-four
CGs at the CTCF sequences reached around 42 % and the promoter got an
average 12.3 % methylation. The main difference of the current study from the
mentioned ones is that several sgRNAs were cloned into one vector and not
delivered as a mix of single sgRNA expression vectors. In the latter case, there
is only a fraction of cells who gets all sgRNAs as a result of transfections. “The
one plasmid-multiple sgRNAs” approach ensures that all cells that get the sgRNA
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expressing vector get all sgRNAs, which should enhance multiplex epigenome

editing efficiency.

Targeting multiple genes designed in this study aiming for amplification of
therapeutic effects, had been also utilized to inhibit inflammatory signaling
networks in dorsal root ganglion neurons which represent an in vitro model of the
degenerative intervertebral disc induced back pain. In that study, three genes,
interleukin-6, tumor necrosis factor receptor 1 and Interleukin 1 receptor type |,
where silenced using dCas9-KRAB epigenome editing [191]. The neurons were
transduced with three lentiviral vectors each of which encoded the EpiEditor plus
one sgRNA targeting one gene. Comparing single versus multiplex targeting, the
authors showed that only simultaneous silencing of three genes led to significant
reduction of the redundant signaling pathways. Interestingly, a single gene
targeting resulted in 90 % reduction of MRNA expression, whereas triple gene

targeting caused only 75 % downregulation.

In conclusion, the current study realized for the first time multiplex epigenome
editing of the three genes of the VEGFA pathway and applied the efficient method

for the delivery of several sgRNAs into cells.

4.3 Specificity of epigenome editing

Specificity of therapeutics is one of the key parameters evaluated during drug
development. In case of targeted DNA methylation aiming for gene silencing one
has to carefully control off-target DNA methylation since aberrant epigenome
editing may lead to modulation of expression of untargeted genes. Several
studies including recent ones reported genome-wide off-target DNA methylation
after use of EpiEditors [171], [173], [174], emphasizing the importance of
controlling it and the need to develop more specific tools. As mentioned earlier,
off-target DNA methylation originates from the interaction of DBDs and DNA
methyltransferases with off-target loci. In this study two improvements relative to
the preceding VEGFA DNA methylation reports [177], [178] were implemented
addressing both issues.
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Firstly, the ZFP used in that studies was replaced by dCas9, which increased the
length of the target sequence recognized by the DBD from nine to twenty base
pairs. Bioinformatics analysis conducted here showed that the selected sgRNA
(the one targeting the same sequence as the ZFP) has a unique binding site in
the human genome, whereas the ZFP recognition site has nearly thirteen
thousand perfect matches. Motif search with one mismatch with the target
sequence identified more than 400,000 sites for the ZFP and still only one unique
sgRNA binding site. Of cause, this additional analysis is based on the assumption
that the ZFP and the sgRNA tolerate all single nucleotide mismatches equally at
all positions, which is not correct, but demonstrates that in general a long
recognition sequence of 18-20 base pairs is sufficient to generate a DBD

targeting a unique genomic locus.

Secondly, the off-target activity of the effector DNA methyltransferase domain
can be minimized by decreasing its affinity to DNA. This approach had been
implemented recently, where mutagenesis of arginines and lysines at the
DNMT3ACD surface involved in DNA interaction was conducted [171]. Several
single amino acid mutants were generated in that study and their on- and off-
target activity was tested and compared to the wild type scFv-GCN4-
DNMT3ACD-DNMT3LCD. The R887E variant showed a drastic reduction of off-
target activity, namely 88 % less methylation than the wild type at a single off-
target locus and a 7.8-fold decrease on genome-wide scale. This advanced
EpiEditor was compared to the wild type in the current study for multiplex
methylation of the VEGFA/VEGFRs axis genes with the multi-sgRNA expression
plasmids. De novo DNA methylation was introduced at all target loci, although at
lower levels compared to the wild type construct. For specificity analysis, off-
target methylation of the wild type and R887E variants was compared at an
untargeted locus (ISG15) that was chosen because it had been proved to be
easily methylatable in our previous work and thus can serve as a sensitive
reference [171]. Indeed, a 5-fold reduced methylation at the untargeted locus
indicated increased specificity of epigenome editing, although extended
analyses, such as genome-wide DNA methylation and whole transcriptome

studies, may be warranted before therapeutic implementation.

69



Similar approaches used to decrease off-target editing of EpiEditors based on
bacterial methyltransferases had demonstrated that mutations mitigating DNA
binding affinity of the enzyme increase specificity but also lead to loss of on-target
activity [192][190]. An alternative strategy to increase specificity proposed the
development of split proteins, which had been realized in two variants based on
the split M.Sssl methyltransferase and the ZFP [193] or dCas9 [194] as DBDs. In
the first variant, two non-functional parts of M.Sssl methyltransferase were fused
to two ZFPs targeted to the same genomic locus in a very close proximity;
reconstitution of the functional M.Sssl resulted in deposition of DNA methylation
between the ZFPs [193]. In the second variant, one part of the split M.Sssl was
fused to dCas9 and a second freely diffused without DBD. Reconstitution of the
functional methyltransferase at the dCas9-target locus led to a very specific
methylation deposition, which was observed at 12 and 22-23 base pairs distance
from the PAM site [194]. Both variants had improved specificity but had a very
low on-target editing activity. The approach may be useful only if single CpG site
methylation is needed, for example to interrogate specific TFs binding sites [185],
[195] or insulators sensitive to DNA methylation as CTCF [196]. Several studies
had reported attempts to increase on-target efficiency by using up to ten sgRNAs
per target region. Most of them showed no or poor improvement [168], [169],
[173], [190], [194] and only one documented a benefit of this strategy at only on
of tested loci [167].

Thus the current study showed that the specificity of targeted DNA methylation
can be improved but it is accompanied by reduced on-target editing, which
appears to be a general phenomenon observed by many groups and in different

systems. Further studies will be necessary to solve this problem.

4.4 Analysing patterns of targeted DNA methylation

To achieve high levels of DNA methylation at specific locations, one has to know
patterns of de novo DNA methylation set by EpiEditors. For example, dCas9-
based EpiEditors leave footprints of about 20 bps, these are the regions of the
DNA occupied by dCas9/sgRNA complex and thereby protected from methylation
[169], [190]. Direct fusions of dCas9 with DNMT3A showed high levels of editing
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in the area close to the sgRNA binding site and it decreased further away from it
[167], [168]. Similar information was not available for the dCas9-SunTag’ed
EpiEditors in the only three studies published their use [171]-[173]. Therefore,
the last aim of the current study was to analyse patterns of DNA methylation
established by dCas9-10xSunTag/DNMT3ACD-DNMT3LCD EpiEditors used
here by three parameters: methylation levels of both DNA strands, the
dependency of methylation level from the distance from the PAM site and flanking
sequence preferences of DNMTs. Such information may improve the design of

future experiments and enhance the efficiency and stability of DNA methylation.

The vast majority (if not all) of studies published results of targeted DNA
methylation analysed only one DNA strand, the obtained information does not
allow to say whether CpG sites have a hemi- or fully methylated state. This
knowledge is very important, since it may explain the transiency of introduced
DNA methylation, because hemimethylated states, if not converted to fully
methylated by endogenous DNMT1 enzyme, may be less efficiently maintained
in cells than fully methylated ones. Moreover, methylation of DNA by the
DNMT3ACD/DNMT3LCD heterotetramer generates two hemimethylated CpG
sites spaced by 8-10 bps [197]. To understand patterns of DNA methylation
introduced by the EpiEditors used in this study, both DNA strands were analysed.
The obtained data showed a very strong correlation between methylation levels
of two DNA strands of individual CpG sites. The technology utilized in this
experiment, where two strands are amplified and sequenced independently, does
not allow to conclude that CpG sites are in a fully methylated state, for such
purpose a hairpin-ligation-based bisulfite sequencing should be conducted
allowing simultaneous analysis of methylation at both strands of one DNA
molecule [198], [199]. Nevertheless, one can speculate that it is very likely
especially in the case of the VEGFR1 promoter for which Pearson’s correlation
coefficient r was around 0.96-0.97 that most CpG sites were fully methylated. In
contrast, a significant portion of CpG sites in the VEGFA promoter was in the
hemimethylated state. Thus, the methylation state of CpG sites differs between

analysed regions and the hemimethylated CpG sites generated by the EpiEditor
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during the first catalysis could be methylated further to the fully methylated state
by the EpiEditor or endogenous DNMTs, most likely DNMT1.

The length of the region which can be effectively methylated is an important
parameter to be considered during experiment design, therefore levels of DNA
methylation of individual CpG sites obtained in this study were analysed taking
into account their distance from the PAM site. The 10xSunTag utilized here is a
288 amino acids long tail, which theoretically should increase this length
compared to the direct dCas9-DNMT3A fusions. Interestingly, the peak of de
novo methylation was identified at a distance of 20-50 bp from the PAM sites on
both DNA strands, as it had been shown for the dCas9 without the 10xSunTag
[168], [169]. Levels of methylation decreased further away from this peak in case
of the R887E DNMT3ACD-DNMT3LCD variant but stayed nearly the same for
the wild type variant of the effector domain. The wild type version demonstrated
a different pattern, which can be explained by several observations. Firstly, it had
been shown that the wild type introduces intensive off-target methylation [171],
which may be the reason of high methylation at longer distances from the PAM
sites. Secondly, homotetramers of DNMT3A and heterotetramers of
DNMT3A/DNMT3L can oligomerize along DNA, which boosts methylation
spreading [197], [200], [201]. This phenomenon had been observed by Stepper
and colleagues, who reported spreading of methylation up to 1200 bp from the
PAM site using dCas9-DNMT3ACD-DNMT3LCD EpiEditor and a single sgRNA
[169]. They showed that this effect was completely lost by a single mutation
R832E in the DNMT3A catalytic domain, which disables oligomerization. The
R887E mutation used in this study is not located on the multimerization surface
[197] but its reduced affinity to DNA could impair cooperative multimerization.
Thus, the current study showed that the 10xSunTag does not add extra flexibility
and does not increase the length of a genomic region (compared to the dCas9-
DNMT3A direct fusion EpiEditors), which can be efficiently methylated by the

advanced effector domain.

Lastly, the flanking sequences of CpG sites of the target region may influence

DNA methylation efficiency, since mammalian DNMTs have preferences to
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certain flanks [188], [189], [202]. Flanking sequences of CpG sites in the targeted
regions were analysed and compared with the published flanking sequence
preferences of DNMT3A (its catalytic domain is used in the effector domain) and
DNMT1 enzymes (the main enzyme maintaining DNA methylation in human cells)
[188], [189]. Interestingly, there were some correlations found but only on the
sense strand. CpG sites with flanks preferred by DNMT3A were slightly more
methylated than the disfavored ones by the wild type DNMT3ACD-DNMT3LCD
effector domain. Keeping in mind that there was no correlation found between the
distance from the PAM site and methylation efficiency demonstrated by this
EpiEditor, one may speculate that many distant CGs were methylated in an off-
target mode and the level of methylation was determined mainly by the flanking
sequence preference of DNMT3A. The R887E mutant of DNMT3ACD-
DNMT3LCD showed even weaker correlation with the flanking preference of
DNMT3A, either because the mutation may change the flanking preference or
because the distance from the PAM site has more influence, since it showed
more specific deposition of DNA methylation. Interestingly, there were no
correlations found between the methylation profiles and the flanking preferences
of the DNMT1 enzyme. One possible explanation of this is that the expression of
the EpiEditor is very high at this early stage after transfection and its activity
dominates the footprint of DNA methylation deposition, and only at later time
points one may see a stronger impact of maintenance activity of DNMT1.
Therefore, there is a weak correlation of DNA methylation patterns obtained
during targeted epigenome editing and flanking sequence preferences of the

methyltransferase, at least at the analysed time point.

4.5 Closing remarks

One of the key characteristics of epigenome-based gene regulation of cells is
heritability, which means that transcriptional states, active or repressed genes,
can be stably maintained by cells and even inherited after cell divisions. This
specific property makes targeted epigenome editing an attractive approach for
the development of therapeutics for various disorders including cancer.
Unfortunately, the stable editing has not been realized yet, except for isolated
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examples. The main goal of this study was to develop efficient and specific
multiplex epigenome editing for transcriptional repression of the VEGFA axis
genes, which are very important targets in anticancer therapy. The study led to
the following accomplishments. Firstly, using a recently published combination of
dCas9-10xSunTag with DNMT3ACD-DNMT3LCD methylation of the VEGFA
promoter was achieved, exceeding all previously published results for this gene
by 40 %. Secondly, multiplex methylation of promoters of VEGFA and its
receptors VEGFR1 and VEGFR2 was established for the first time. The vectors
encoding several sgRNAs targeting all genes were generated and used to assure
the maximum efficiency of simultaneous editing, that had not been used for this
purpose before. Thirdly, utilization of dCas9 and the R887E DNMT3ACD-
DNMT3LCD variant with reduced off-target methylation increased the specificity
of the VEGFA axis genes editing compared to previously published results.
Fourthly, the in-depth analysis of the DNA methylation patterns generated by the
EpiEditors revealed that a) CpG sites within target regions obtained hemi- and
fully methylated states, and this varied depending on the genomic locus, b) the
methylation peaked at 20-50 bp from the PAM site, c) methylation levels of
individual CpG sites moderately correlated with the flanking sequence preference
of the effector domain used for methylation. These characteristics will be very

helpful in the design of future experiments.
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5 Summary

Decades of efforts of clinicians and scientists to fight against cancer resulted in
the development of multiple targeted therapies, which improved clinical outcomes
for many types of tumors. Nevertheless, cancer is still the second leading cause
of death worldwide, thus more efficient therapeutic approaches are urgently
needed. Inhibitors of the VEGFA/VEGFRs axis have shown efficiency against
various solid malignancies via reduction of neoangiogenesis of tumors and
inhibition of autocrine stimulation of proliferation, migration and invasion of tumor
cells by VEGFA. Monoclonal inhibitory antibodies against VEGFA or its receptors
efficiently block signaling along the VEGFA/VEGFRs axis, but are very expensive
and require repetitive drug injections since they function at the posttranslational

level.

Targeted epigenome editing is a new emerging technology allowing to control the
expression of selected genes at the transcriptional level. Regulation of gene
expression is achieved via rewriting of chromatin marks at their cis-regulatory
elements. For example, setting of DNA methylation at promoters may lead to
stable silencing of corresponding genes. Epigenome editing can be achieved by
EpiEditors, artificial chimeric proteins composed of a DNA-binding domain and a
DNA methyltransferase, designed to set DNA methylation at target genomic loci.
Previous studies demonstrated that methylation of the VEGFA promoter to
approximately 50 % resulted in 70 % decrease of VEGFA gene expression in the
ovarian cancer cell line SKOV3. This result was promising but only a moderate
level of methylation was achieved. Additionally, off-target activity, epigenome
editing at non-target genomic loci, has been reported in several studies, and has

to be eliminated.

This project aimed to develop the technology further to

i) improve on-target editing efficiency at the VEGFA promoter to gain higher
methylation level;

i) establish multiplex editing to methylate promoters of VEGFA and its
receptors VEGFR1, VEGFR2 for simultaneous silencing of all three genes;

iii) decrease off-target editing and
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iv) analyse established DNA methylation patterns.

These goals were approached as follows:

i) The DNA genomic targeting technique of EpiEditors was changed from ZPF- to
the CRISPR/Cas9 technology. This allowed to employ the recently published
EpiEditor composed of the dCas9-10xSunTag protein and the anti-SunTag
antibody fused with the highly active DNMT3ACD-DNMT3LCD chimeric
methyltransferase. The SunTag allows signal amplification by recruiting up to 10
effector domains, which lead to 40 % higher DNA methylation of the VEGFA
promoter compared to the EpiEditors using a single effector domain published
previously.

ii) Multiplex methylation of the VEGFA, VEGFR1 and VEGFR2 promotors was
established for the first time. Targeting of the dCas9-based EpiEditor to multiple
loci was realized using vectors expressing several sgRNAs targeting these
genes, which theoretically increases editing efficiency compared to co-
transfection of vectors expressing single sgRNA used in previous reports.

i) Implementation of dCas9/sgRNA instead of ZFP used previously for targeting
the VEGFA promoter significantly improved editing specificity by reducing of off-
target effects originating from the DBD. In addition, use of more specific mutant
version R887E of EpiEditor showed 5-fold lower off-target activity at a single
representative locus.

iv) An in-depth analysis of the introduced DNA methylation patterns revealed that
the degree of methylation of individual CpG sites depends on several parameters,
such as their distance from the sgRNA binding site and the flanking sequence
preference of the effector domain. Furthermore, CpG sites can be in hemi- and
fully methylated state and the predominance of one or the other state depends
on the target locus.

The current study led to the development of multiplex epigenome editing of
VEGFA and its receptors with the efficiency and specificity superior to previous
reports and revealed insights into established DNA patterns which will enhance
future design to achieve stable genes silencing and desired antineoplastic

therapeutic effects.
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Zusammenfassung

Jahrzehntelange Bemuihungen von Klinikern und Wissenschaftlern zur
Bekampfung von Krebs fiuhrten zur Entwicklung mehrerer zielgerichteter
Therapien, die die klinischen Ergebnisse fur viele Arten von Tumoren
verbesserten. Dennoch ist Krebs nach wie vor die zweithaufigste Todesursache
weltweit, weshalb effizientere Therapieansatze dringend erforderlich sind.
Inhibitoren der VEGFA / VEGFR-Achse haben Wirksamkeit gegen verschiedene
solide maligne Erkrankungen durch Reduktion der Neoangiogenese von
Tumoren und Hemmung der autokrinen Stimulation der Proliferation, Migration
und Invasion von Tumorzellen durch VEGFA gezeigt. Monoklonale inhibitorische
Antikorper gegen VEGFA oder seine Rezeptoren blockieren effizient die
Signallbertragung entlang der VEGFA / VEGFR-Achse, sind jedoch sehr teuer
und erfordern wiederholte Arzneimittelinjektionen, da sie auf posttranslationaler
Ebene funktionieren.

Die gezielte Manipulation von Epigenomen ist eine neue Technologie, mit der die
Expression ausgewahlter Gene auf Transkriptionsebene gesteuert werden kann.
Die Regulation der Genexpression wird durch Umschreiben der
Chromatinmarkierungen an ihren cis-regulatorischen Elementen erreicht.
Beispielsweise kann das Setzen der DNA-Methylierung an Promotoren zu einer
stabilen Stummschaltung entsprechender Gene fihren. Die Epigenom-
Editierung kann durch EpiEditors erreicht werden, kunstliche chimare Proteine,
die aus einer DNA-Bindungsdomane und einer DNA-Methyltransferase bestehen
und die DNA-Methylierung an genomischen Zielorten festlegen sollen. Fruhere
Studien zeigten, dass die Reduktion der Methylierung des VEGFA-Promotors auf
ungefahr 50% zu einer 70% igen Abnahme der VEGFA-Genexpression in der
Eierstockkrebs-Zelllinie SKOV3 fuhrte. Dieses Ergebnis ist vielversprechend, es
wurde jedoch nur ein maRiger Methylierungsgrad erreicht. Dartber hinaus wurde
in mehreren Studien Uber Off-Target-Aktivitat, also Epigenom-Editing an nicht
beabsichtigten Genomloci, berichtet, die es zu verhindern gilt.

Dieses Projekt zielt darauf ab, die Technologie weiterzuentwickeln durch
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i) Verbesserung der zielgerichteten Bearbeitungseffizienz am VEGFA-Promotor,
um einen hoheren Methylierungsgrad zu erreichen,;

ii) Etwicklung einer Multiplex-Technik zur Methylierung der Promotoren von
VEGFA und seinen Rezeptoren VEGFR1 und VEGFR2 zur gleichzeitigen
Stummschaltung aller drei Gene;

iii) Verringerung der unspezifischen Methylierung und

iv) Analyse induzierter DNA-Methylierungsmuster.

Diese Ziele wurden wie folgt angegangen:

i) Die DNA-Targeting Technik fur EpiEditoren wurde von ZPF- auf CRISPR/Cas9-
basierte Technologie umgestellt. Dies ermdglichte den Einsatz eines kurzlich
veroffentlichte EpiEditors, der aus dem dCas9-10xSunTag-Protein und der an
den Anti-SunTag-Antikdrper fusionierten hochaktiven DNMT3ACD-DNMT3LCD-
chimaren Methyltransferase besteht. Der SunTag ermoglicht die
Signalverstarkung durch Rekrutierung von bis zu 10 Effektordomanen, was zu
einer 40% hoheren DNA-Methylierung des VEGFA-Promotors im Vergleich zu
den EpiEditors unter Verwendung einer zuvor verdffentlichten einzelnen
Effektordomane flhrt.

i) Zum ersten Mal wurde eine Multiplex-Methylierung der VEGFA-, VEGFR1- und
VEGFR2-Promotoren etabliert. Das Targeting des dCas9-basierten EpiEditors
auf mehrere Loci wurde unter Verwendung von Vektoren realisiert, die mehrere
sgRNAs exprimieren, die auf diese Gene abzielen, was theoretisch die
Editiereffizienz im Vergleich zur bisher verwendeten Co-Transfektion von
Vektoren fur einzelne sgRNAs erhoht.

iif) Die Implementierung von dCas9 / sgRNA anstelle von ZFP, das zuvor fur das
Targeting des VEGFA-Promotors verwendet wurde, verbesserte die
Editierspezifitdt signifikant, indem die von der DBD ausgehenden Off-Target-
Effekte reduziert wurden. Zusatzlich zeigte die Verwendung einer spezifischeren
mutierten Version R887E von EpiEditor eine 5-fach geringere Off-Target-Aktivitat
an einem einzelnen reprasentativen Ort.

iv) Eine eingehende Analyse der eingefiihrten DNA-Methylierungsmuster ergab,

dass der Methylierungsgrad einzelner CpG-Stellen von mehreren Parametern
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abhangt, wie z. B. ihrem Abstand von der sgRNA-Bindungsstelle und der
Praferenz der flankierenden Sequenz der Effektordomane. Darlber hinaus
konnen sich CpG-Stellen in einem hemi- und vollstandig methylierten Zustand
befinden, und das Vorherrschen des einen oder anderen Zustands hangt vom
Zielort ab.

Die aktuelle Studie fihrte zur Entwicklung einer Multiplex-Epigenom-Bearbeitung
von VEGFA und seinen Rezeptoren mit einer Effizienz und Spezifitat, die
friheren Berichten Uberlegen ist. Auch enthlite sie Einblicke in etablierte DNA-
Muster, die helfen kdnnen, das zuklinftige Design zu verbessern, um eine stabile
Gen-Stummschaltung und gewilnschte antineoplastische therapeutische

Wirkungen zu erzielen.
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