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List of Abbreviations

BEAR: base editor activity reporter

Cas: CRISPR-associated

CRISPR: clustered regularly interspaced short palindromic repeats
crRNA: CRISPR-RNA

CYP: cytochrome P450

dCas9: nuclease inactive "dead" Cas9
DSB: double-strand DNA breaks
engRNA: essential nicking guide RNA
HDR: homology directed repair

nCas9: nickase Cas9

NGS: next generation sequencing
NHEJ: non-homologous end joining
PAM: protospacer adjacent motif

PBS: primer binding site

PE: prime editor

PEAR: prime editor activity reporter
pegRNA: prime editing guide RNA
proPE: prime editing with prolonged editing window
RT: reverse transcriptase

RTT: reverse transcription template
sgRNA: single guide RNA

SNP: single nucleotide polymorphism
tpgRNA: template providing guide RNA

tracrRNA: trans-activating CRISPR-RNA



1. Introduction

1.1 The CRISPR/Cas9 system

The story of CRISPR (clustered regularly interspaced short palindromic repeats) /
Cas (CRISPR-associated) systems began in 1987 with a report of repetitive sequence
arrays in a bacterial genome [1]. In the following decades scientists discovered that they
serve as prokaryotic adaptive immune defence mechanisms against viruses and other
mobile genetic elements. During the immunisation phase in response to an infection,
bacteria integrate short sequences from the invading genome into their own. The name
CRISPR itself refers to the fact that these fragments, called spacers, are clustered in the
bacterial genome, separated by short, repeated segments. These are transcribed into
CRISPR-RNAs (crRNA) that, when complexed with a Cas protein, can recognise their
complementary sequence (protospacer) in the corresponding viral genome. In the case of
a repeated viral infection, this recognition activates a nuclease involved in the immune
response, which cleaves the foreign DNA, thereby eliminating the virus from the host.

[2,3].

Besides the spacer—protospacer complementarity, an additional requirement of
DNA cleavage is the presence of a short sequence called PAM (protospacer adjacent
motif) next to the protospacer. PAMs vary in length and sequence depending on the host
species and allow the differentiation of self and foreign DNA so that they are not found
in the CRISPR array of the bacterial genome. Thus, complementarity of the spacer with

its own coding region does not lead to cleavage [4].

Successive discoveries have enabled the use of CRISPR systems for genetic
engineering. To date, the most widely used Cas endonuclease is the Streptococcus
pyogenes Cas9. In 2011 the research group of Emmanuelle Charpentier discovered the
existence of trans-activating CRISPR-RNA (tracrRNA) and that it directs the maturation
of crRNAs [5]. Further research in collaboration with Jennifer Doudna showed that
tractfRNA is also essential for the cleavage activity of Cas9 which forms a
ribonucleoprotein with the tracrRNA:crRNA duplex. They also showed that by replacing
the spacer sequence of the crRNA, Cas9 can be effectively re-targeted to sequence-

specifically cleave double-stranded DNA targets in vitro. To further simplify the use of



Cas9 they also demonstrated that the tractrRNA:crRNA duplex can be engineered to a
single guide RNA (sgRNA). The sgRNA is functionally divided into two parts: the first
20 nucleotides from the 5' end encode the spacer sequence, and the rest forms the scaffold

with which the Cas9 protein interacts [6].

In 2013 several studies reported that the Cas9-sgRNA system is also functional in
eukaryotic cells causing genetic modifications at the targeted genomic loci [7-9].
Subsequent structural research has revealed Cas9’s mechanism of action: First, the
enzyme scans the DNA for PAMs. If one is found, subsequent binding separates the DNA
strands in the 5' direction. If the spacer and the corresponding strand of the DNA sequence
are complementary, a spacer—protospacer heteroduplex is formed. This leads to structural
rearrangements that activate the two nuclease domains of Cas9 (RuvC and HNH) each of
which cleaves one strand of the DNA three base pairs away from the PAM, resulting in a
blunt-ended DNA break [10,11] (Figure 1a). The widespread use of S. pyogenes Cas9
(hereafter Cas9) has been also facilitated by the fact that, unlike Cas9 from other species,
it has a short and relatively simple 5'-NGG PAM. This occurs on average every 8 base
pairs in the human genome thus the majority of sequences can be targeted, whereas longer

PAMs can significantly reduce the number of available targets [8].
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Figure 1: The Cas9 nuclease and the two main pathways of DSB-induced editing

a) Cas9 in complex with the DNA target. The spacer part of the sgRNA is yellow, the scaffold is
green. The PAM on the target DNA is highlighted in blue. Black rectangles indicate the positions
at which the RuvC and HNH domains cleave the DNA strands. b) NHEJ results in smaller
insertions or deletions (black). ¢) HDR with a repair template allows the precise insertion of a
selected DNA segment (red). Figure source: [12] edited.



1.2 First generation CRISPR editing tools

The first generation of CRISPR-based genetic engineering tools relied on the
introduction of site-specific double-strand DNA breaks (DSB) into the genome. In
eukaryotic cells these lesions are mainly repaired through end joining mechanisms like
non-homologous end joining (NHEJ), or DNA donor dependent homology directed repair
(HDR) pathways. As end joining mechanisms are often error-prone, in a significant
number of cases the original sequence is not restored, but short insertions or deletions
(indels) of a few base pairs are created [13] (Figure 1b). These can be used for gene
knockout, as targeting the coding region of the gene with Cas9 can result in a frameshift
mutation or the generation of an early stop codon, leading to loss of function [8].
Similarly, the disruption of cis- or trans-regulatory elements can be investigated [14].
Furthermore, by introducing two DSBs, larger deletions up to the megabase scale can be
generated [15]. Of course, it is also possible that DNA ends are perfectly repaired. But
then the restored sequence remains the substrate of Cas9, and the chances of indel

formation increase with repeated cleavage [16].

HDR mechanisms, on the other hand, are usually error-free, but require a DNA
template with a sufficient length of homologous sequence. By default, these are sister
chromatids or, less frequently, homologous chromosomes, but for genome editing
approaches they can be plasmids, linear double-stranded DNA templates or synthetic
single-stranded oligonucleotides. The advantage of HDR is that the DNA sequence
between the homology arms is freely adjustable, allowing the introduction of single base
changes, smaller insertions or deletions and even whole gene fragments [13,17] (Figure
1c). Although HDR is a promising approach for precise genome editing, its two main
limitations are its often low efficiency and the fact that it only has significant activity in
the S and G2 phases of actively dividing cells [17]. Several methods have been published
that aim to enhance the efficiency of HDR. These either optimise technical conditions
such as cell cycle synchronisation [18] or the directing of the donor DNA to the DSB site
[19]; or shift the HDR/NHEIJ rate by blocking the NHEJ pathway or upregulating HDR.
The latter can be achieved both by small molecule drugs [20,21] or the up or

downregulation of key proteins [22].



1.3 Second generation CRISPR editing tools

The development of second-generation CRISPR editing tools has been driven by
the need for more precise and safer gene editing, given the low efficiency of HDR and
the potential genotoxicity of DSBs. Instead of using Cas9 as molecular scissors, they
exploit its sequence-specific DNA targeting ability. To prevent the formation of DSBs,
these methods rely on either a nuclease inactive "dead" Cas9 (dCas9) or a nickase Cas9
(nCas9). These enzymes are generated by introducing single amino acid changes to
inactivate both or one of the nuclease domains of Cas9. The mutant proteins are still able
to interact with the sgRNA and to sequence specifically bind the DNA target, but dCas9
cannot cleave it and nCas9s can only create a nick by cleaving only one strand [6,23]. In
these systems editing is carried out by an additional DNA-modifying domain fused to
Cas9. To date, the two most important technologies are base editing and prime editing. In
base editors a nucleoside deaminase domain is used to introduce targeted single base
changes. Initially, cytosine and adenine base editors were developed to catalyse C-to-T
and A-to-G conversions, respectively [24,25]. Later, A-to-C [26], A-to-Y [27] and C-to-
G [28] base editors were also reported. This way the base editing toolbox can cover all
transition mutations and most of the transversion mutations. However, they are still
unable to correct C-to-A transversions and smaller insertions and deletions. This is where
the importance of prime editing lies, as it allows virtually any change within a shorter

DNA segment.

1.3.1 Prime editing

In prime editor 2 (PE2), nCas9 is fused to an engineered Moloney murine leukaemia
virus reverse transcriptase (RT) domain. It also has a 3' extended sgRNA, called the prime
editing guide RNA (pegRNA), which both guides Cas9 to the DNA target and acts as a
template for the RT - containing the desired mutation (Figure 2a). After target recognition,
Cas9 nicks the PAM-containing DNA strand. The free 3' end of the DNA then hybridises
to the complementary 3' end of the pegRNA, called the primer binding site (PBS). This
primes reverse transcription using the rest of the pegRNA extension - also coding the
desired edit - as a reverse transcription template (RTT) (Figure 2b). This results in a 3'
DNA flap that competes with the unmodified 5' DNA flap for hybridisation to the DNA
strand opposite the PAM. Although binding of the original 5' end, which does not contain



the mutation, is thermodynamically more favourable, cellular repair mechanisms can tip
the balance towards hybridisation of the 3' overhang. The edit is permanently
incorporated if mismatch repair favours the edited strand as a repair template when the
DNA heteroduplex is resolved (Figure 2¢). This can be promoted by adding a simple
sgRNA to guide PE to nick the non-edited strand (PE3 approach). The second nick biases
DNA repair mechanisms to correct this strand using the edited strand as a template
(Figure 2d). Compared to PE2, PE3 often increases editing efficiency, but also results in
higher levels of unwanted indels [29].
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Figure 2: The prime editing system

In the PE protein, nCas9 is grey and the RT domain is orange. The pegRNA is green, with the
PBS highlighted in purple and the intended modification in red. a) The components of prime
editing. b) PE introduces the intended modification. ¢) Flap equilibration and resolution. d) PE3
biases repair mechanisms. Figure source: [12] edited.

10



The main advantage of prime editing is that the sequence of the RTT can be freely
altered within certain limits. Firstly, this allows any substitution, small deletions or even
insertions up to a few tens of nucleotides to be introduced. Secondly, its length is not
fixed, so the number of editable positions is less limited by the availability of a PAM.
Unfortunately, the widespread use of prime editing is hindered by its variable and often
low editing efficiency. This is partly due to the fact that DNA repair mechanisms depend
on the cell type and cell state. And partly because the length of the PBS and RTT, and the
position of the second nick, vary with the target and intended modification. Therefore,

extensive experimental optimisation is often required to achieve high editing efficiency.

1.4 The cytochrome P450 superfamily

Cytochrome P450 (CYP) enzymes are a large superfamily of haemoproteins, that
play important roles in drug and cellular metabolism. Humans have 57 putatively
functional genes, which are classified into families and subfamilies based on sequence
identity. The CYP1-3 families are responsible for the biotransformation of around 80%
of xenobiotics [30,31]. Some members are also involved in the metabolism of antitumour
agents and have been investigated as potential therapeutical targets or biomarkers [31].
Individual genetic variations, among other factors, can influence the expression and
function of CYP enzymes, leading to different responses to drug treatments in different

individuals [30].

Selective targeting of CYPs using CRISPR tools can be challenging due to the high
sequence similarity between homologous genes. This study assessed the targetability of
the CYPIAI, CYPIA2 and CYP2B6 genes using prime editing. CYP1A1 is expressed in
extrahepatic sites and peripheral blood cells. It has endogenous substrates such as
hormones and fatty acids, as well as xenobiotics such as polycyclic aromatic
hydrocarbons. Elevated levels of CYP1A1 have been associated with an increased risk of
lung cancer for the latter [31,32]. CYP1A2, on the other hand, is exclusively expressed
in the liver, where it metabolises various xenobiotics. It is the main metaboliser of
caffeine and theophylline, for example [32]. CYP2B6 is primarily expressed in the liver
and contributes to the metabolism of many drugs. It has several polymorphic variants,
and it was suggested, that the CYP2B6 genotype should be taken into account when
prescribing the HIV drug efavirenz [33].
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2. Objectives

In my PhD work my aim was to:

R/
A X4

Develop a reporter system for an easy, fluorescence-based detection of prime
editing outcomes that allows maximum flexibility for the target sequences and

pegRNA designs to be tested on it.

To verify whether the same factors influence prime editing efficiency on the

PEAR plasmid as in genomic context.

Find out whether prime edited mammalian cells could be identified and enriched

by using a plasmid-based surrogate marker for chromosomal DNA modifications.

To demonstrate that PEAR can be applied to facilitate the development of new

prime editing systems.

To compare the efficiency of proPE and PE on target-distal edits, using targets
identified in the clinically relevant CYP gene family.

12



3. Methods

3.1 Molecular cloning

The following plasmids were acquired from the non-profit plasmid distribution
service Addgene: pCMV-PE2 (#132775), pAT9624-BEAR-cloning (#162986),
pAT9651-BEAR-GFP (#162989), pAT9752-BEAR-mScarlet (#162991), pAT9658-
sgRNA-mCherry (#162987), pAT9679-sgRNA-BFP (#162988), pX330-Flag-wtSpCas9-
H840A (#80453), pX330-Flag-dSpCas9 (#92113), and pX330-Flag-wtSpCas9 (#92353).

The following plasmids developed in this study are available from Addgene:
pDAS12125 PEAR-GFP (#177178), pDAS12124 PEAR-GFP-preedited (#177179),
pDAS12069-U6-pegRNA-mCherry (#177180), pDAS12222-U6-pegRNA-BFP
(#177181), pDAS12230 pegRNA-PEAR-GFP(10PBS-24RT)-mCherry  (#177182),
pDAS12137 sgRNA-PEAR-GFP-nick(+17)-mCherry (#177183). pDAS12342 PEAR-
GFP 2inl  (#177184), pDAS12395 PEAR-GFP-2.0-preedited (#177185), and
pDAS12489 PEAR-GFP-2in1-2.0 (#177186).

For linker oligonucleotides and/or spacer, RTT and PBS sequences used in the
study see reference [34] Supplementary file 3, or reference [35]Supplementary Tables 2-
3.

PEAR target plasmids were constructed by Esp31 digestion of the pAT9624-BEAR-
cloning plasmid [36], followed by one-pot cloning of the corresponding linker

oligonucleotides.

For the construction of pegRNAs, first the one-step cloning protocol described by
Anzalone et al. [29] was used, however, it resulted in frequent deletions and/or mutations
in the constructs. Therefore, a two-step cloning method was developed: first, the spacer
coding linkers were cloned into pDAS12069 or pDAS12222 plasmids between Bpil sites
via one-pot cloning. In the second cloning step oligonucleotides bearing the PBS-RTT

were cloned between Esp3I sites of the plasmids created in the first cloning step.

For second nicking sgRNAs targets were cloned into pAT9658-sgRNA-mCherry
or pAT9679-sgRNA-BFP plasmids between Bpil sites via one-pot cloning, as described

above.

13



In each case, one-pot cloning mixtures were incubated at 37°C for 30 min before
being transformed into NEB5-alpha competent cells. The sequence of the cloned plasmids

was verified by Sanger sequencing (Microsynth AG).

3.2 Cell culturing and transfection

HEK293T (ATCC, CRL-3216) and U20S cells (ATCC, HTB-96), and the HEK-
BEAR-GFP and HEK-BEAR-mScarlet cell lines were grown in DMEM. K562 cells
(ATCC, CCL-243) were grown in RPMI 1640. Both media was supplemented with 10%
heat-inactivated foetal bovine serum and 100 units/mL penicillin and 100 pg/mL

streptomycin. Cells were cultured at 37°C in a humidified atmosphere of 5% COx.

In plasmid-based PEAR experiments, HEK293T cells were seeded on 48-well
plates 1 day before transfection at a density of 5-10* cells/ well. A total of 565 ng DNA
was used: 55 ng of PEAR target plasmid, 153 ng of pegRNA-mCherry (or pegRNA-BFP
in the case of BEAR-mScarlet), 49 ng of sgRNA-mCherry (or sgRNA-BFP in the case of
BEAR-mScarlet), and 308 ng of PE2 coding plasmid. These were mixed with 1 pl

Turbofect reagent diluted in 50 pl serum-free DMEM, and the mixture was incubated for
30 min at RT before adding it to the cells. Each transfection was performed in three

replicates. Cells were analysed by flow cytometry on day 3 from transfection.

The BEAR-GFP and BEAR-mScarlet cell lines were transfected with a total of 565
ng DNA: 170 ng of pegRNA-mCherry (or pegRNA-BFP in the case of BEAR-mScarlet),
54 ng of sgRNA-mCherry (or sgRNA-BFP in the case of BEAR-mScarlet), and 340 ng

of PE2 coding plasmid, that was all mixed with 1 pl Turbofect reagent diluted in 50 pl
serum-free DMEM. The mixture then was incubated for 30 min at room temperature

before adding it to the cells.

In the enrichment experiments, where cell sorting was used, HEK293T cells were

transfected with the above protocol. A total of 550 ng DNA was used: 40 ng of PEAR-
GFP- 2inl plasmid, 153 ng of pegRNA- BFP, 49 ng of sgRNA-BFP, and 308 ng of PE2
coding plasmid. In each parallel condition a total of 12 wells were transfected. Three days
after transfection, cells were trypsinised and sorted directly into genomic lysis buffer,

which was followed by genomic DNA extraction.

14



In the case of U20S and K562 cells, 1000 ng total DNA; 603 ng PE2 coding
plasmid, 300 ng pegRNA-BFP, 97 ng sgRNA-BFP, and 78 ng PEAR-2in1 plasmid was
nucleofected in a final volume of 20 pl in a 16-well nucleocuvette strip. 3x10° U20S and
5x10° K562 cells were transfected per well using an Amaxa 4D-Nucleofector (Lonza)
according to the manufacturer’s protocol. For U20S, the SE Cell Line 4D-Nucleofector
X Kit (program DN-100) for K562 the SF Cell Line 4D-Nucleofector X Kit (program FF-
120) was used. Three days after transfection, U20S and K562 cells were sorted directly
into genomic lysis buffer, which was followed by genomic DNA extraction. The cell
culturing and transfection of U20S and K562 cells was carried out by Péter Istvin

Kulcsar.

In proPE experiments HEK293T cells were seeded on 48-well plates 1 day before

transfection at a density of 3-10* cells/ well and a total of 350 ng DNA was used. The
inhibitory effect of degraded RNAs on PE and proPE was tested with the following

amounts: 223 ng PE2 coding plasmid, 36 ng PEAR plasmid, 91.4 ng pegRNA plasmid
for PE and 88.2 ng tpgRNA + 3.1 ng engRNA coding plasmid for proPE. Degraded RNAs
decreased the amount of pegRNAs or tpgRNAs. In experiments on the CYP gene targets
248 ng prime editor coding plasmid was used with 102 ng pegRNA or engRNA-+tpgRNA
coding plasmid in case of PE2, and 62 ng pegRNA or engRNA+tpgRNA coding plasmid
and 40 ng second nicking sgRNA plasmid in case of PE3.

3.3 Flow cytometry and cell sorting

Flow cytometry analysis was carried out using an Attune NxT Acoustic Focusing
Cytometer (Applied Biosystems by Life Technologies). In all experiments, a minimum
0f 10,000 viable single cells were acquired by gating based on the side and forward light-
scatter parameters. BFP, GFP, mCherry, and mScarlet signals were detected using the
405 (for BFP), 488 (for GFP), and 561 nm (for mCherry and mScarlet) diode laser for
excitation, and the 440/50 (BFP), 530/30 (GFP), 620/15 (mCherry), and 585/16 nm
(mScarlet) filter for emission. Attune Cytometric Software v.4.2 was used for data

analysis.

Cell sorting was carried out on a FACSAria III cell sorter (BD Biosciences). The
live single-cell fraction was acquired by gating based on side and forward light-scatter

parameters. BFP or GFP signals were detected using the 405 or 488 nm diode laser for

15



excitation and the 450/50 or 530/30 nm filter for emission, respectively. To sort control
(no enrichment) cells, live single cells were sorted regardless of any fluorescent markers.
To sort transfection marker enriched cells, BFP-positive cells were sorted regardless of
GFP fluorescence. To sort PEAR enriched cells GFP-positive cells were sorted regardless
of BFP fluorescence. A minimum of 50,000 cells were sorted in all experiments. In every

experiment, cell sorting was carried out by Dr. Gyorgy Varady.

3.4 Genomic DNA purification and genomic PCR

Genomic DNA from sorting experiments was extracted according to the Puregene
DNA Purification protocol (Gentra Systems Inc). The purified genomic DNA was
subjected to PCR analysis conducted with Q5 polymerase and locus-specific primers (see
Table 1 on page 50). PCR products were gel purified via NucleoSpin Gel and PCR Clean-

up Kit (Macherey-Nagel) and were subjected to next-generation sequencing.

To extract the genomic DNA, cells were centrifuged at 100 rcf for 10 minutes. After
discarding the supernatant, 300 ul lysis buffer (10 mM Tris-HCI pH 8.0; 25 mM EDTA;
0.5 % SDS) containing 10 ng RNase A (Sigma-Aldrich) was added to of the cell pellet.
Samples were incubated at 37 °C for 30 mins, then 200 pl solution of 5 M ammonium
acetate was added, samples were mixed by shaking and centrifuged at 16,000 rcf for 10
minutes. 500 pl of the supernatant was transferred to 750 pl of cooled isopropanol (-
20°C). The mixture was centrifuged for 10 minutes at 16,000 rcf, after which the
supernatant was poured off. The precipitated DNA was then washed with 700 pl of 70%
ethanol and centrifuged at 16,000 rcf for 10 minutes. The supernatant was discarded;
tubes were placed in a thermoblock heated to 65 °C to evaporate the remaining ethanol.
The genomic DNA was redissolved in 30 ul of 5 mM Tris-HCI buffer solution (pH 8.5)
and incubated for 1 h at 65 °C.

3.5 Next generation sequencing analysis

3.5.1 PEAR enrichment experiments

Sequencing on an Illumina NextSeq instrument was performed by Delta Bio 2000
Ltd. Reads were aligned to the reference sequence using BBMap. Indels were counted
computationally among the aligned reads that matched at least 75% to the first 20 bp of

the reference amplicon. Indels without mismatches were searched at + 2 bp around the
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cut site with allowing indels of any size. For each sample, indel frequency was determined

as (number of reads with an indel)/(number of total reads).

Frequency of substitution without indels generated by prime editing was
determined as the percentage of (sequencing reads with the intended modification,
without indels)/(number of total reads). By contrast, frequency of intended insertions or
deletions generated by prime editing was determined as the percentage of (all sequencing
reads with the intended modification)/(number of total reads). For these samples, the indel
background was calculated from reads containing different types of indels, than the aimed
edit. For NGS analysis, the following software were used: BBMap 38.08, samtools 1.8,
BioPython 1.71, and PySam 0.13. To avoid falsely high specificity ratios on Figures 8c
and 10c during calculations indels lower than 0.05% were assumed to be 0.05% as this
amount is considered to be the resolution limit of NGS. The deep sequencing data have
been submitted to the NCBI Sequence Read Archive under accession number
PRINA779199. In all PEAR NGS experiments bioinformatic calculations were

performed by Sarah Laura Krausz.

3.5.2 Experiments on the CYP gene targets

For each CYP gene, gene-specific primers were used. Prior to alignment, primer-
specific reads were sorted based on their first 8 nucleotides. During analysis, reads
derived from non gene-specific primer-annealing and from mixed PCR products due to
template switching were excluded by exploiting two gene-specific motifs located at
different positions of the amplicon. Editing and indel values were calculated as described

above (Section 3.5.1).

3.6 Statistics

Unless stated otherwise, differences between samples were tested using one-way
ANOVA with Tukey’s post hoc test for homoscedastic samples. Homogeneity of
variances was tested by Brown-Forsythe test and normality of residuals was tested by
D'Agostino-Pearson omnibus (K2) test. In cases where data did not pass normality but
fulfilled the assumptions of Box-Cox transformation the transformed data were analysed

as above. If not, Kruskal-Wallis test with Dunn’s test was applied.
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Figure 12: For each normalised dataset, a straight-line model was fitted using non-
linear regression with the least squares fitting method. The null hypothesis that the best-
fit slope is the same for all datasets was tested with an extra sum-of-squares F-test. Error

bars include error propagation.

Statistical tests were performed using GraphPad Prism 9.2.

18



4. Results

4.1 Development of the prime editor activity reporter (PEAR)

My first aim was to develop a reporter system for prime editing with the following

key features:

e It should be a transient, plasmid-based system, so that it is quick and easy to use.
This would allow the user to use it in multiple cell lines without the need to
generate reporter cell lines.

e It should be based on a gain-of-function fluorescent signal with minimal
background, so that even low prime editing efficiency can be detected in the
timeframe of a transient system.

e It should provide unrestricted flexibility in the full length of the target sequence

and the nucleotides surrounding the positions to be edited.

As we have previously developed a reporter system for base editing (named BEAR)
that meets these requirements [36], my goal was to adapt it for prime editing. BEAR is
based on a GFP protein whose coding sequence is split by the last intron of the mouse
Vim gene. The sequence of the 5' splice site has been modified (from 5'-GT to 5'-AC) to
abolish splicing and therefore the fluorescent signal. However, base editors can restore a
functional splice site (Figure 3a). In order to adapt the assay to PEs, two main changes
were required due to technical differences between the two gene editing methods. The
first is that while base editors can edit in the 5' direction from the nick, PE can edit in the
3' direction. Therefore, to keep the PE target in the intron, I had to move the PAM to the
complementary DNA strand. This was necessary to ensure that the target sequence could
be easily swapped with minimal sequence constraints. The other difference is that prime
editing can restore the original, canonical 5'-GT splice site, so the intended modification

is a two-base substitution (Figure 3b).
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Figure 3:The schematic of BEAR and PEAR

Both reporters consist of a split GFP coding sequence separated by an intron with an inactive
splice site, resulting in a dysfunctional protein (grey). Both editors can revert the splice site to a
functional one and restore GFP expression (green). The altered bases in the splice site are shown
in red, the edited bases are blue, the PAM sequence is dark green. a) Base editors (here ABE) act
on the sense strand of the DNA. The variable bases in the sequence of the spacer are shown as
‘N’-s, nCas9 is blue, and the fused tadA deaminase is purple. b) PE edits downstream of the cut
site in the target. This enables the spacer sequence to be positioned within the intron and its entire
length to be freely adjusted (shown as 'N'-s). nCas9 is blue and the fused reverse transcriptase is
orange. The figure is from our publication [34].

Because there was no suitable PAM for prime editing at the 5' end of the intron, I
installed one after the canonical AAGT motif flanking the splice donor site. For the target
sequence, I modified the subsequent part of the intron to have a GC content of about 50%.
To verify that GFP fluorescence would exclusively report on prime editing, I transfected
a pegRNA - sgRNA combination together with either the PEAR-GFP plasmid, or its pair
harbouring the active splice site, and either dCas9 or nCas9. As shown in Figure 4a, in
both cases I only obtained fluorescent signal for the active splice site, indicating that
nicking by nCas9 alone could not restore a functional splice site. The results also showed
that sequence changes associated with establishing the prime editor target did not impair

splicing activity.
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Figure 4: PEAR reports on prime editing efficiency

a) Flow cytometry measurements of GFP positive HEK293T cells co-transfected with a PEAR-
GFP reporter plasmid harbouring a pre-edited active (GT) or an inactive (AC) 5’ splice site, a
pegRNA targeting the plasmid and nCas9 or dCas9. b) Optimisation of PBS, RTT, and
complementary DNA strand nicking on the PEAR-GFP plasmid. The heatmap shows the average
percentage of GFP-positive cells of three replicates of transfections with the PEAR-GFP plasmid
in combination with different pegRNAs and sgRNAs for secondary nicking and the PE2 coding
plasmid. The position of the second nick is given in relation to the first nick. Positive values
indicate 3’, negative values indicate 5’ direction on the targeted DNA. When no second nick was
introduced, it is indicated as ‘no nick’. ¢) PE can restore various active splice sequences. Four
additional active splice site variants were selected based on [36]. To generate suitable inactive
plasmids, splicing was disrupted by systematically replacing the 5'-GT splice donor site to 5'-AC
and 5'-CT (negative controls with inactive sequences, grey columns). With the appropriate
pegRNAs, PE2 was able to restore GFP fluorescence in every case (green columns). Letters
highlighted in blue indicate the bases of the canonical splice donor site and the flanking sequences
which influence splicing the most: 5'-G-GT-AAGT-3'; the altered bases of the inactive sequences
are bold, and bases in the active sequences that are reverted by PE2 are underlined. Columns
represent means + SD of three parallel transfections (white circles). Panel b) and ¢) are from our
publication [34].
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For the correction of the 5' splice site, I designed a total of nine pegRNAs by
combining three PBS and RTT lengths, and five second nicking sgRNAs. I transfected
these plasmids in all combinations into HEK293T cells together with the target plasmid
(named PEAR-GFP) and the PE2 protein coding plasmid. I also compared the efficiency
of PE2 and PE3 using a non-targeting sgRNA that has no target sites in the PEAR plasmid
or the cellular genome. The number of GFP positive cells was measured by flow

cytometry.

The heatmap in Figure 4b shows that several pegRNA - second nicking sgRNA
combinations edited effectively the PEAR-GFP plasmid. The most efficient pegRNA was
the one with a 10-nucleotide long PBS (PBS-10) and a 24-nucleotide long RTT (RTT-
24). Overall, the most efficient second nicking sgRNA site was position +17 (the
numbering of the nick positions starts from the pegRNA induced nick counting the first
base 5' as position -1 and the first base 3' as position +1). The results also show that, as
expected, editing was generally more efficient with PE3 than with PE2 (6th row, "no
nick").

To demonstrate the versatility of PEAR regarding sequence modifications, I
designed additional inactive splice site variants from three other active splice sites. These
were also efficiently corrected by PE2 in most cases (Figure 4c). In this experiment the
pegRNA target was the same as in Figure 4b, and the most efficient PBS and RTT lengths
from Figure 4b were used (PBS-10 and RTT-24). The sequence of the RTTs differed as

different active splice variants were restored.

4.2 PEAR in genomic context

To test whether the same factors influence prime editing on plasmids as on genomic
targets, I compared editing efficiency on two cell lines previously constructed in our lab
that contain an intron-disrupted GFP or mScarlet sequence with an inactive splice site
(HEK-BEAR-GFP and HEK-BEAR-mScarlet, [36]) and plasmids coding the same
disrupted proteins. Since these were designed for base editors, there is no suitable PAM
for prime editing at the 5' end of the intron as mentioned above. I therefore searched for
suitable PAM sites in the coding region of the fluorescent proteins adjacent to the 5' splice
site. I identified one PAM for BEAR-GFP and two for BEAR-mScarlet. For these targets,
I again designed nine pegRNAs by combining three PBS and RTT lengths. I also selected
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three second nicking sgRNA sites in the intron, these could be used with all three targets

as the intron is the same in BEAR-GFP and BEAR-mScarlet.
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Figure 5: PEAR editing in a plasmid and in genomic context

Prime editing on a) BEAR-GFP, b) BEAR-mScarlet target 1 or ¢) BEAR-mScarlet target 2 either
located in plasmids (Plasmid) or incorporated into the genome (Cell line). The heatmaps show
the average percentage of a) GFP and b-c) mScarlet positive cells derived from three replicates.
Cells were transfected with different pegRNAs and sgRNAs for secondary nicking, the PE2
coding plasmid, and in case of the ‘Plasmid’ experiments, the corresponding BEAR plasmid. The
figure is from our publication [34].

In case of BEAR-GFP, both in the cell line and on the plasmid, the pegRNA with
PBS-13 and RTT-22 or RTT-26 was the most efficient combined with the second nick
site position +103 (Figure 5a). For BEAR-mScarlet targetl, the highest editing was
achieved with PBS-10, RTT-35 and for BEAR-mScarlet target2 with PBS-13, RTT-42.
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GFP positive cells (%)
HEK-BEAR-GFP cell line

The best second nick site was in both cases the same as for BEAR-GFP (its numbering is
different because its distance from the pegRNA nick is different for every target) (Figure
5b-c).

For all three targets the heatmap pattern for plasmids and genomic sites is
remarkably similar, and there is a strong correlation between the measured efficiencies as
shown in Figure 6. The generally lower editing efficiency observed in the cell lines
compared to the plasmids is likely due to the much higher copy number of the plasmids
present in the cells. The observation that the sgRNAs used for the second nick had the
same effect on editing efficiency for all three targets supports the hypothesis that the
effect of the second nick is not primarily influenced by its exact distance from the
pegRNA nick, but by other factors related to the targeted sequence and its environment.
Together these results imply that our system reflects accurately the main features of prime

editing and factors affecting its efficiency.
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Figure 6: Correlation of editing efficiencies in the BEAR cell lines and the corresponding
plasmids

a) Scatter plot of GFP-positive cells measured either when the BEAR-GFP plasmid or the HEK-
BEAR-GFP cell line was edited by PE in various setups, Pearson’s 1=0.89 (data from Figure 5a).
b-c) Scatter plot of mScarlet-positive cells measured either when the BEAR-mScarlet plasmid or
the HEK-BEAR-mScarlet cell line was edited by b) PE targeting mScarlet target 1, Pearson’s
r=0.93 (data from Figure 5b) or ¢) PE targeting mScarlet target 2, Pearson’s r=0.92 (data from
Figure 5c). The figure is from our publication [34].

4.3 PEAR as a selection marker for prime edited cells

Previous work has shown that Cas9 edited cells can be successfully enriched with
a plasmid-based surrogate marker that is subjected to the same type of genetic

modification as the intended genomic edit (e.g. HDR or base editing) [36—38]. I tested
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the applicability of the PEAR-GFP plasmid as a surrogate marker in the HEK-BEAR-

mScarlet cell line.

Cells were transfected with the PEAR-GFP plasmid, two pegRNAs (also coding
BFP to monitor transfection efficiency), one targeting the PEAR plasmid and the other
targeting the mScarlet in the genome, a genomic second nicking sgRNA and the PE2
encoding plasmid. For PEAR-GFP, the two best performing pegRNAs from Figure 4b
were tested. The ratio of mScarlet positive cells was measured by flow cytometry in: (i)
all living cells, (i1) cells expressing BFP, i.e. transfection marker enrichment and (ii1) cells
expressing GFP for PEAR enrichment. Figure 7 shows that while both types of
enrichment could significantly increase the percentage of the edited population, PEAR
enrichment was more efficient, resulting in a 3 or 4-fold increase compared to the 1.4-

fold increase of transfection enrichment.
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Figure 7: PEAR enrichment in the BEAR-mScarlet cell line

Flow cytometry measurements of prime edited (i.e., mScarlet positive) cells in the HEK-BEAR-
mScarlet cell line. The PEAR-GFP plasmid was co-transfected with PE protein-coding plasmid,
two pegRNAs targeting either the plasmid or the genomic PEAR sequences and an sgRNA (for
complementary strand nicking at position +112). To edit the PEAR-GFP plasmid, two efficient
pegRNAs were selected from the experiment in Figure 4b (pegRNA 1 and pegRNA 2 are those
with RTT-24 and PBS-10, and RTT-33 and PBS-10, respectively). The mScarlet positive cell
count was gated for either all live single cells (no enrichment, black bars); for BFP-positive cells
(transfection enrichment, grey bars); and for GFP-positive cells (PEAR enrichment, green bars).
Columns represent means = SD of three parallel transfections (white circles). The figure is from
our publication [34].
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To investigate the effect of PEAR enrichment on endogenous targets, I selected five
target sites (EMXI1, RNF2, FANCF, HEK3, HEK4), at which single-nucleotide
substitution prime editing has previously been optimised [29]. To facilitate transfection,
the PEAR-GFP-2inl plasmid was constructed, which encodes both the PEAR reporter
and the best performing pegRNA from Figure 4b (pegRNA1 on Figure 7). In these
experiments the pegRNA and sgRNA targeting the genome also coded BFP as a
transfection marker. On the third day after transfection, cells were sorted into three
fractions: (i) single living cells, i.e. no enrichment, (ii) cells expressing BFP - transfection
marker enrichment and (iii) cells expressing GFP - PEAR enrichment. From the sorted
populations, editing and indel formation at the genomic target sites was quantified by

NGS.
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Figure 8: PEAR enrichment in HEK293T, K562 and U20S cells

The PEAR-GFP-2inl plasmid and endogenous genomic targets were co-edited in HEK293T,
K562, and U20S cells. Cells were enriched and analysed as described in the methods section.
Results from cells without enrichment are shown in black, transfection enrichment in grey, PEAR
enrichment in green, and untransfected cells in striped black and white. Precise prime editing (a)
and unwanted indel formation (b) were quantified from the same samples. Specificity (prime
editing%/indel%) was calculated separately for each sample (¢). Columns represent means + SD
of three parallel transfections (white circles). When indel% was below the detection limit of NGS,
specificity was calculated with 0.05% indel to avoid falsely high specificity values. Differences
between samples were tested using one-way ANOVA. Only statistically significant differences
are shown, differences to untransfected cells are not shown. *p<0.05, **p<0.01, ***p<0.001. The
figure is from our publication [34].

PEAR enrichment significantly increased editing rates in all five cases, even
compared to transfection marker enrichment (Figure 8a). However, for three targets it
also increased unwanted indel formation (Figure 8b). To determine whether the increase

in editing rates outweighed the increase in indels, specificity was calculated (as
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edit%/indel%). As shown in Figure 8c, specificity decreased only slightly for one edit and

increased for two.

HEK293T cells have a partially defective mismatch repair system, making them
highly susceptible to prime editing [39,40]. To test PEAR in cell lines that typically have
lower editing efficiencies, we also attempted enrichment in K562 and U20S cells. As
shown in Figure 8a, PEAR enrichment was effective in these cases, as well. Editing
increased by an average of 2.6-fold in K562 cells, compared to transfection marker
enrichment, and by 2.0-fold in U20S cells. Some samples also exhibited increased levels
of indels (Figure 8b), but PEAR enrichment did not compromise specificity in any case

(Figure 8c).

Using the HEK293T samples, I also examined whether PEAR enrichment
influenced off-target prime editing. For this I sequenced known Cas9 off-target sites of
the EMX1, FANCF, HEK3 and HEK4 targets. Of the fifteen sites tested, there was only
one site with detectable editing (Figure 9a) and indel formation (Figure 9b), which was
also enriched by PEAR enrichment. For the remaining fourteen sites, no off-target
modifications could be detected, regardless of the enrichment. Taken together, these data
suggest that PEAR enrichment can significantly increase the efficiency of prime editing

without altering either on-target or off-target specificity.
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Figure 9: Off-target analysis of PEAR enrichment from HEK293T samples

Off-target prime editing (a) and indel formation (b) were analysed for known off-targets of target
sites from (Figure 8a) and (Figure 8b) in HEK293T cells. Columns represent means + SD of three
parallel transfections (white circles). Differences between samples were tested using one-way
ANOVA. Only statistically significant differences are shown. *p<0.05, **p<0.01, ***p<0.001.
The figure is from our publication [34].
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We also wanted to ensure that the pegRNA targeting the PEAR plasmid had
minimal genome-wide off-target effect. However, it is difficult to assess the off-target
sites of the pegRNA targeting the intron, as it lacks a reference on-target site in the human
genome. Therefore, we decided to construct a new PEAR-GFP-2inl plasmid with a
suitable pegRNA target. For this, I chose the EGFP target site 2, which has no on-target
site in the human genome, but its genome-wide off-target effect was previously evaluated
by GUIDE-seq in HEK cells carrying a genome-integrated GFP [41]. As this EGFP target
is also present in the PEAR reporter, I introduced silent mutations in the GFP coding
sequence, creating six mismatches to ensure that the pegRNA will not target the GFP on
the plasmid. I tested the enrichment efficiency of the new plasmid (PEAR-GFP-2in1-2.0)
on nine target sites introducing insertions, deletions or substitutions. As Figure 10 shows,
PEAR-GFP-2in1-2.0 can also efficiently enrich prime edited cells without compromising
specificity.
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Figure 10: PEAR enrichment with PEAR-GFP-2in1-2.0

Results from cells without enrichment are shown in black, transfection enrichment in grey, PEAR
enrichment in green, and untransfected cells in striped black and white. Prime editing (a) and
indel formation (b) were quantified from the same samples. (¢) Specificity (prime
editing%/indel%) was calculated separately for each sample. Columns represent means + SD of
three parallel transfections (white circles). When indel% was below the detection limit of NGS,
specificity was calculated with 0.05% indel to avoid falsely high specificity values. Differences
between samples were tested using one-way ANOVA. Only statistically significant differences
are shown, differences to untransfected cells are not shown. *p<0.05, **p<0.01, ***p<(0.001. The
figure is from our publication [34].
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4.4 The application of PEAR in the development of a novel PE tool

ProPE (prime editing with prolonged editing window), a novel PE tool was recently
developed in our research group. In this system, the two main functions of the pegRNA
are carried out by two separate RNAs: The essential nicking guide RNA (engRNA),
which is a standard sgRNA, is responsible for the targeting and subsequent nicking of the
DNA at the selected target site. The template providing guide RNA (tpgRNA) is a
pegRNA targeted to a nearby target site to provide the PBS and RTT sequences required
for editing. It has a truncated spacer (11-15 nt), which ensures that it only binds to the
DNA and does not nick it (Figure 11). During the development process, we used the
PEAR system to determine the effective parameter ranges of proPE, and then to

demonstrate some of its efficiency enhancing effects compared to PE [35].

RT
7 tpgRNA
nCas9 eng RNA

spacer .

spacer

TETTTETTTTm ITITETEE.

Prime editor

Figure 11: The schematic of proPE

The prime editor protein is grey, the spacer of the engRNA and the complementary sequence of
the PBS of the tpgRNA are blue, the shorter spacer of the tpgRNA is pink, the scaffold part is
dark grey, the RTT containing the desired mutation (purple) is yellow. The double stranded DNA
is shown in black. PE complexed with an engRNA nicks the target DNA, the subsequent editing
is carried out by the PE — tpgRNA complex directed to a nearby target site. Figure elements were
designed by Viktoria Faragd for our publication [35].

It was previously shown that degraded pegRNAs can significantly impair editing
efficiency [42]. As well as that, when Cas9 forms an inactive, cleavage-incompetent

complex with an sgRNA having a shorter spacer, its dwell time on the target DNA is
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shorter [43—45]. Thus, one potential advantage of proPE is, that as PE complexed with a
tpgRNA would dissociate more quickly, it would be less prone to the inhibitory effect of
degraded pegRNAs. To test this hypothesis, I designed an experiment based on the assay
used in the study by Nelson et al.[42], and the PEAR reporter system. To mimic the
degradation of tpg/pegRNAs, the proportion of intact RNA coding plasmids was
gradually replaced with plasmids coding PBS-less RNAs or sgRNAs (i.e. RTT-PBS-less
RNAs). In control experiments, degraded RNAs with non-targeting spacers were used to
measure the effect of the decrease in the amount of intact RNA alone. The assay was
measured using the BEAR-mScarlet plasmid and a PEAR-GFP plasmid designed for
proPE. Figure 12 shows, as an example, the results obtained with (RTT-PBS)-less RNAs
on the PEAR-GFP plasmid. It is apparent that as the amount of intact RNA decreases, the
efficiency decreases even for controls. Furthermore, PE appears to be more inhibited by

targeting sgRNAs than proPE.
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Figure 12: The inhibitory effect of (RTT-PBS)-less RNAs on the PEAR-GFP plasmid

PE and proPE editing were measured in the presence of an increasing proportion of (RTT-PBS)-
less RNAs to mimic degraded RNAs. Data points represent means = SD of three parallel
transfections. In cases with inhibition the degraded RNA targets the same site as the
pegRNA/tpgRNA, while in “no-inhibition control” cases the degraded RNA is targeted to a target
site not relevant in the experimental setup. Data are from our publication [35].

To visualise the inhibitory effect without the efficiency-decreasing effect of the
decreasing percentages of intact RNA, at each proportion, results with targeting RNAs
were normalised to results with the corresponding non-targeting RNAs. For each dataset,

a line was fitted to the data points, and statistical significance was assessed between the
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slope of the fitted lines. As Figure 13 shows, degraded RNAs inhibited proPE less than

PE in every case.
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Figure 13: PE and proPE editing in the presence of degraded pegRNAs/tpgRNAs

PE and proPE editing was measured in the presence of an increasing proportion of PBS-less RNAs
(left column) or (RTT-PBS)-less RNAs (right column) targeting the same pegRNA/tpgRNA site.
The editing values are normalised to the corresponding values from experiments where non-
targeting degraded RNAs were co-expressed. The error bars include error propagation. A line is
fitted to the data points, statistical significance was assessed between the slope of the fitted lines
by using the nonlinear module of GraphPad. The figure is from our publication [35].

4.5 Comparing the efficiency of proPE and PE on target-distal edits

Unlike in previous PEAR experiments, early experiments on genomic targets
showed that proPE was not significantly more efficient than PE. This inconsistency could
be explained by the position of the edit. At that time, the majority of edits reported in the
literature were within ten nucleotides from the pegRNA nick site. However, in the PEAR

assays, edits were outside this 10-nucleotide window. Furthermore, data from the
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literature [46] and our own data (not shown here) indicated that the efficiency of PE
usually declined when the distance of the edit was 10 or more nucleotides away from the
nick site (target-distal edits). To evaluate proPE's ability to enhance the efficiency of
target-distal edits, I compared the efficiencies of PE and proPE in installing naturally
occurring SNPs in the CYPIAI (two edits), CYP1A2 (three edits) and CYP2B6 (seven
edits) genes, for which no prior data were available. For each SNP I designed two
pegRNAs which differed in their target sites and/or PBS lengths, and one or two second
nicking sgRNAs, depending on the availability of target sites. I also identified suitable
tpgRNA targets to construct a corresponding proPE editing setup for each pegRNA. In
total, this yielded 62-62 different editing combinations for PE and proPE (for detailed
design see Table 2 on page 53). Editing efficiency in HEK293T cells was quantified by
NGS. To minimise the effect of mispriming from homologous CYP genes, I designed
gene-specific PCR primers using Primer-BLAST [47] and modified the NGS data
analysing script (see Section 3.5.2). A summary of the results of the experiment is shown
in Figure 14. In line with previous experiments, proPE could significantly increase the

median editing efficiency from 1.2% to 5.2%, and the median specificity 4.1-fold.
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Figure 14: PE and proPE editing on the new CYP gene targets

Editing efficiency (left graph) and specificity (right graph) of PE and proPE on the CYP gene
targets. Specificity was calculated as edit%/indel% from the same samples. Statistics: two-tailed
Mann-Whitney test, in each data group N=62. Dots represent the average of three parallel
samples, horizontal lines show the median of groups. Data are from our publication [35].
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5. Discussion

Prime editing is a versatile CRISPR tool that enables the precise installation of
substitutions and smaller insertions or deletions. Initially, its widespread use was hindered
by its often low efficiency and the fact that the length of the PBS and the RTT, as well as

the position of the second nick needs to be optimised for every intended modification.

The main goal of my PhD work was to develop methods that can help to overcome
these problems and thus facilitate the application of prime editing. At the heart of this was
the development of PEAR, a plasmid-based fluorescent assay that enables the easy
monitoring of prime editing efficiency in mammalian cells. PEAR has several

advantageous features that can help in the development of new prime editing approaches.

Firstly, it is insensitive to the indel background caused by the nicking of Cas9, while
at the same time, it is sensitive enough to distinguish between the editing efficiencies of
different prime editing setups (Figure 1a-b). Secondly, by design it provides unrestricted
flexibility in the target sequence and with the tolerance of the splice donor site for
substitutions, even the region of the edit is readily adjustable (Figure 4c). This makes it

possible to create customised PEAR plasmids for different applications.

Lastly, as experiments with the BEAR-GFP and BEAR-mScarlet plasmids and the
corresponding cell lines confirmed, the efficiency of prime editing to modify PEAR
plasmids is governed by the same factors as prime editing in genomic context (Figure 5
and Figure 6). Thus, PEAR experiments can provide information that is also relevant
when targeting genomic regions. Taken together, these features allow the user to examine
the effect of sequence features and other factors affecting the efficiency of prime editing,
while keeping all other factors constat. This makes possible such systematic
investigations that could not be explored otherwise using genomic targets, making PEAR

a suitable tool for the characterization of different PEs.

Beyond these, PEAR can also be applied as a surrogate marker to enrich prime
edited cells. On average, in all enrichment experiments with cell sorting, PEAR
enrichment increased the number of edited cells by 2.8-fold compared to samples without
enrichment. With this, it was twice as efficient as transfection marker enrichment, which

only resulted in a 1.4-fold increase (Figure 8a, 10a). To facilitate the use of PEAR as an
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enrichment marker, the PEAR-GFP-2in1-2.0 plasmid was constructed, on which the
pegRNA targeting the reporter has no detectable off-target sites in the human genome as
determined by GUIDE-seq. This plasmid could enrich various types of edits with the
same efficiency as the original PEAR-GFP-2in1 plasmid (Figure 10).

Although PEAR enrichment can only be used when cell sorting is feasible, it still
has the potential to facilitate the more widespread use of prime editing. This type of
selection with a transient marker can be advantageous, for example, when creating disease
modelling cell lines, for which hard-to-edit cell lines or low-efficiency targets often have

to be used.

At the time we developed PEAR, only a few reporter systems for prime editing had
been published. Even these either showed a rather low signal [37] or were restricted to
very few target sequences [48,49]. Since then, a number of other reporter systems, some
of which can be used more broadly, have been published. PINE-TREE is based on a BFP-
to-GFP conversion by prime editing the 66™ amino acid in the BFP from histidine to
tyrosine. Thus, the target sequence is relatively fixed, so it mainly can be used as an
enrichment marker. Similarly to PEAR, PINE-TREE enrichment also surpasses the
efficiency of transfection marker enrichment, and the authors even demonstrated that it
can be used to generate clonal cell lines from human pluripotent stem cells [50]. The
fluoPEER [51] and V-GEAR [52] systems have a similar design in that they both place a
genomic target region of interest between two reporter genes, and this construct forms an
expression cassette driven by a constitutive promoter The first reporter enables the
identification and/or selection of cells containing the reporter construct. The target region
is inserted in such a way that expression of the downstream reporter is abolished by a
premature stop codon or a frameshift mutation, which can be resolved through the
intended edit. Therefore, expression of the second reporter indicates successful prime
editing. The advantage of this design is that the same pegRNA can edit both the reporter
and the genomic target. Consequently, these systems can be used to optimise pegRNAs
or compare the efficiency of different PEs on a genomic target site without using NGS.
Furthermore, the enrichment of edited cells is also feasible using only one pegRNA
[51,52]. The enrichment of prime edited cells has only been demonstrated for fluoPEER,
which performed similarly to PEAR in HEK293T cells, achieving an average 1.8-fold

enrichment compared to transfection marker enrichment [51]. Apart from fluorescent
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markers, there are other enrichment strategies based on drug resistance. Levesque et al.
developed a method in which the enrichment of editing at an endogenous target site is
achieved by co-editing the endogenous Na+/K+ ATPase (ATP1AL1), thereby conferring
ouabain resistance. Introducing different point mutations into the ATP1A1 and increasing
ouabain concentration makes multiple rounds of selection feasible, too. Using this
method, they were able to enrich prime editing by up to 83% in K562 cells. While this
method does not require an exogenous marker, it should be noted that the enriched cells

will carry the ATP1A1 mutations as well as the modifications at the target locus [53].

When compared to the reporter systems just described, PEAR has its own strengths
and weaknesses. Unlike PINE-TREE it offers unrestricted flexibility in the target
sequence and its flanking nucleotides, however fluoPEER and V-GEAR give even more
freedom to the user, as they can be used with genomic segments of up to a few hundred
base pairs. Nevertheless, the design of a new reporter plasmid for fluoPEER or V-GEAR
can be more complex, because the genomic DNA sequence has to be placed such, that
the edit reverts a stop codon or a frameshift mutation. Over the method of Levesque et
al., PEAR has the advantage that it does not leave additional genomic modifications

behind, so in theory it can be used to enrich the same cell population multiple times.

The development of new PE systems can also expand the targeting scope of prime
editing. One such system, proPE, was recently developed in our group [35]. During the
development process, PEAR was used in numerous experiments. One of these was the
experiment presented in Section 4.4, which I designed to assess the efficiency-decreasing
effect of degraded RNAs on PE and proPE (Figure 12). The results showed that: (i) PEAR
1s sensitive enough to detect the difference in the efficiency-decreasing effect of degraded
RNAs; and (ii) proPE is less susceptible to this effect. In addition, I also showed that
proPE can rescue the efficiency of PE on target-distal edits exploring genomic targets in

the CYPIAI, CYP1A2 and CYP2B6 genes.
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. Conclusions

X/

PEAR, the reporter system developed here, exclusively reports on prime editing
and is not sensitive to potentially caused indels. However, it is sufficiently
sensitive to detect differences in the editing efficiencies of different pegRNA —

second nicking sgRNA combinations.

PEAR can effectively restore various active splice sequences and can be used

with different target sequences.

Experiments with the BEAR-GFP and BEAR-mScarlet plasmids and cell lines
have shown that the efficiency of prime editing on the PEAR plasmid is affected

by the same factors as in the genomic context.

PEAR can be applied as a surrogate marker to enrich prime edited cells in
multiple cell lines. The PEAR-GFP-2inl plasmid could enrich the edited
population in HEK293T, K562 and U20S cells, resulting in up to 76% editing,
without compromising specificity. Off-target analysis of the HEK293T samples
showed that PEAR enrichment only minimally affects the levels of off-target

prime editing.

To minimise the genome-wide off-target effect of the PEAR-GFP-2in1 plasmid,
PEAR-GFP-2in1-2.0 was constructed. This plasmid could enrich prime edited
HEK293T cells similarly to PEAR-GFP-2in]1.

The inhibitory effect of degraded RNAs on PE and proPE was assessed using the
PEAR system. Based on the results, proPE is less affected by the presence of
PBS-less and (RTT-PBS)-less RNAs.

The efficiency-enhancing effect of proPE on target-distal edits was demonstrated
by installing naturally occurring SNPs in the CYPIAl, CYPIA2 and CYP2B6

genes.
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7. Summary

Prime editing is a CRISPR tool with great therapeutic potential. However, there are
still many questions to be answered before it can be used routinely, including those related
to its efficacy and mechanism. The aim of this work was to facilitate the application of

prime editing by increasing its efficiency and expanding its targeting scope.

In the first part of the study, PEAR, a flexible fluorescent reporter system was
developed to simplify the monitoring of prime editing efficiency in mammalian cells. Due
to its versatility, PEAR can be used in multiple ways. Its sensitivity allows it to be used
to compare the editing efficiencies of different prime editing setups (e.g. different
pegRNA-second nicking sgRNA combinations), or to characterise the performance of
different prime editors under the same editing conditions. PEAR experiments are
generally less time- and cost-intensive than NGS-based approaches, so this can help to
accelerate the development process of new prime editing systems. PEAR can also be
applied as an enrichment marker to identify and select individual cells with high prime
editing activity. PEAR can efficiently enrich all three main editing categories — insertions,
deletions and substitutions — in multiple cell types. In 22 out of the 23 enrichment
experiments performed, PEAR enrichment surpassed transfection marker enrichment,

increasing the edited cell population by up to 84%.

The second part of the study contributed to the development of a new PE system,
called proPE. ProPE can expand the targeting scope of prime editing by alleviating
various bottlenecks that can reduce the efficiency of the original PE. This work assessed
the effect of degraded RNAs on editing efficiency. It was shown using the PEAR system
that degraded RNAs inhibit proPE to a lesser extent than PE. The efficiency enhancing
effect of proPE on edits lying outside the target sequence was also evaluated exploring a

new set of prime editing targets in the CYPIA1, CYPIA2 and CYP2B6 genes.

Together, the findings presented in the dissertation could help to promote the more
widespread use of PEs by providing means to enhance editing efficiency and study PE

variants.
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11. Appendix

Table 1: List of NGS primers used in the study

Primer ID Primer sequence (5°—3”)

HEK3 for-i5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGTGGG
- CTGCCTAGAAAGG

HEK3 rev-i7 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCCAGC
- CAAACTTGTCAACC

RNEF?2 for-i5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACGTCTC
- ATATGCCCCTTGG

RNF?2 rev-i7 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGTAG
- GAATTTTGGTGGGACA

FANCF2-for- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTGCTG

i5 ACGTAGGTAGTGC

FANCF2-rev- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACACGG

17 ATAAAGACGCTGGG

EMX1 for-is TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCTCA

- GCCTGAGTGTTGA
EMX1 rev-i7 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCGTG
- GGTTTGTGGTTGC

HEKA for-i5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAACCCA
- GGTAGCCAGAGAC

HEKA rev-i7 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTTTC
- AACCCGAACGGAG

HEK3 OT1- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCCCT

fwd-i7 GTTGACCTGGAGAA

HEK3 OT1- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACTGTA

rev-is5 CTTGCCCTGACCA

HEK3 OT2- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTGGTGT

fwd-i5 TGACAGGGAGCAA

HEK3 OT2- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGAGA

rev-i7 TGTGGGCAGAAGGG

HEK3 OT3- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGAGAGG

fwd-i5 GAACAGAAGGGCT

HEK3 OT3- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCCAA

rev-i7 AGGCCCAAGAACCT

HEK3 OT4- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCCTAGC

fwd-i5 ACTTTGGAAGGTCG

HEK3 OT4- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTCAT

rev-i7 CTTAATCTGCTCAGCC

HEK4 OT1- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCATG

fwd-i7 GCTTCTGAGACTCA

HEK4 OT1- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCTCCC

rev-is TTGCACTCCCTGTCTTT

HEK4 OT2- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTGGCA

fwd-15

ATGGAGGCATTGG
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HEK4 OT2-
rev-17

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAAGAG
GCTGCCCATGAGAG

HEK4 OT3- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGTCTG
fwd-i7 AGGCTCGAATCCTG

HEK4 OT3- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGTGGC
rev-i5 CTCCATATCCCTG

HEK4 OT4- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTTTCCA
fwd-i7 CCAGAACTCAGCCC

HEK4 OT4- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTCGGT
rev-i5 TCCTCCACAACAC

EMX1 OT1- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTGGGG
fwd-i7 AGATTTGCATCTGTGGAGG

EMX1 OT1- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTTTTA
rev-i5 TACCATCTTGGGGTTACAG

EMX1 OT2- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAATGTG
fwd-15 CTTCAACCCATCACGGC

EMX1 OT2- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCATGA
rev-i7 ATTTGTGATGGATGCAGTCTG

EMX1 OT3- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGAAGG
fwd-15 AGGTGCAGGAGCTAGAC

EMX1 OT3- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCATCCC
rev-i7 GACCTTCATCCCTCCTGG

FANCF _OT1 | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCGGGCA
-fwd-i5 GTGGCGTCTTAGTCG

FANCF _OT1 | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCCTGG
-rev-i7 GTTTGGTTGGCTGCTC

FANCF _OT2 | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCCTTG
-fwd-i5 CCGCCCAGCCGGTC

FANCF _OT2 | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCACTGG
-rev-i7 GGAAGAGGCGAGGACAC

FANCF _OT3 | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGTGT
-fwd-i5 TTCCCATCCCCAACAC

FANCF _OT3 | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAATGG
-rev-i7 ATCCCCCCCTAGAGCTC

FANCF_OT4 | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGGCCC
-fwd-i5 ACAGGTCCTTCTGGA

FANCF_OT4 | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCACAC
-rev-i7 GGAAGGCTGACCACG

HBB_ON- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGGGTT
fwd-17 GGCCAATCTACTCCC

HBB_ON- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCTTCT
rev-i5 CTGTCTCCACATGCC

PRNP_ON- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCAGTG
fwd-15 GAACAAGCCGAGT

PRNP_ON- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTTGG
rev-i7 TTGGGGTAACGGTG
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HEXA_ON-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCATACA

fwd-17 GGTGTGGCGAGAGG

HEXA ON- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGCCT
rev-i5 CCTTTGGTTAGCA

DNMT ON- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACAACA
fwd-i5 GCTTCATGTCAGCC

DNMT ON- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGTTA
rev-i7 ATGTTTCCTGATGGTCC

RUNXI-rev- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGTGAG
15 GCTGAAACAGTGACC

RUNXI1-fwd- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGAAC
i7 TGGCAGGCACCGAGG

CYPIAI- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGGTCC
ON-fwd-i5 CCAAAGGCCTGAAGAAT

CYPIAI- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGGGT
ON-rev-i7 GAAGGTGTAGAGGTCG

CYP1A2- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGTCC
ON-fwd-i7 CCAAAGGCCTGAAAAGT

CYP1A2- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGAGGG
ON-rev-i5 TGGAGGTGTAGAGGTCAG

CYP2B6-ON- | TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAGACC
fwd1-i5 AGGACCATGGAACTCAGC

CYP2B6-ON- | GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGAAGC
revl-i7 TTCCCCAAGTACCAAGGC
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Table 2: Detailed information on the CYP gene edits

SNP ID

gene

PBS
(nt)

RTT
(nt)

edit
pos.

engRNA / pegRNA
spacer (5'->3")

tpgRNA
spacer
(5->3")

tpgRNA / pegRNA
RTT-PBS (5'->3")

second nicking sgRNA

"A" spacer (5'->3")

second nicking
sgRNA "B" spacer
(5->3)

rs34883432

CYP2B6

13

41

31

gagggeggggceceetggtggg

atggatagaag

ctectggttetgegecaccect
aacacccatgaccgectce
caccagggcceccge

gcctactcaaatcctttctg

gggtgagcetgcettettgect

17

44

34

geagagggeggggeectggt

atggatagaag

ctectggttetgegecaccect
aacacccatgaccgectce
caccagggccccgecctct

gc

gcctactcaaatcctttctg

gggtgagcetgcettettgect

rs8192709

CYP2B6

17

39

29

gagggeggggccctggtggg

atggatagaag

cctggttcagtgccacccta
acacccatgaccgcctecc
accagggcccecgeccte

gcctactcaaatcctttetg

gggtgagctgcettettgect

13

4

32

geagagggcggggcecctggt

atggatagaag

cctggttcagtgccacccta
acacccatgaccgcectecc
accagggccccgecct

gcctactcaaatectttetg

gggtgagctgcettettgect

rs33973337

CYP2B6

17

26

17

gagggeggggceceetggtggg

atggatagaag

caccctaactcccatgaccg
cctcecaccagggeceege
ccte

gcctactcaaatcctttctg

gggtgagctgcettettgect

13

30

21

ggeagagggeggggcecetgg

atggatagaag

caccctaactcccatgaccg
cctcecaccagggeccege
ccte

gcctactcaaatcectttctg

gggtgagcetgcttettgect

rs33980385

CYP2B6

17

19

13

geagagggeggggceectggt

atggatagaag

cccatggecgecteccace
agggccccgecctetge

gcctactcaaatectttctg

gggtgagcetgcttettgect

13

23

17

agggecagageecgggecce

atggatagaag

cccatggecgectcecace
agggccccgecectetge

gcctactcaaatcectttctg

gggtgagcetgcttettgect
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SNP ID ene PBS | RTT | edit engRNA / pegRNA tl:gfjirA tpgRNA / pegRNA | second nicking sgRNA s sglc\;):ciglc IS(II;%er
& (nt) | (nt) | pos. spacer (5'->3") ( 5p,_>3,) RTT-PBS (5'->3") "A" spacer (5'->3") & ( 5,_>3,)p
13 16 8 | gagggcggggccctggtggg | atggatagaag Zgéagtf:s:ggé:ctcccacc gcctactcaaatcctttetg gggtgagctgcttcttgect
rs33926104 | CYP2B6
17 20 12 | ggcagagggcggggccctgg | atggatagaag z;cgagtcgjccjggcccccttccctcgiccc gcctactcaaatectttetg gggtgagctgacttcttgect
17 19 10 | gcagagggcggggccectggt | atggatagaag ;;;actcgcaccgsccccttcctcgccacca gcctactcaaatectttetg gggtgagctgcttcttgect
rs34284776 | CYP2B6
13 23 14 | aggggcagagggcggggcce | atggatagaag ;;;actcgcaccgsccccttcctcgccacca gcctactcaaatectttetg gggtgagctgcttcttgect
ggcctcttctatccaactgea
17 36 21 | geeecgeectetgececcttt atcatgggtgtt gaaggtttcccaaaagggg | gctgtgaggagtgcaaggaag | -
35303484 | CYP2B6 crencsEeasest
rs
ggcectettctatccaactgea
13 36 21 | geeecgecectetgececcttt gggtgattaggg gaaggtttcccaaaagggg | getgtgaggagtgcaaggaag | -
cagagggecg
17 16 7 | acccgcacctggcactgtca atgcccaatcag gzzignggicg;;gacagt gggcectgecggatggtgtee -
rs35035798 | CYP1A1
13 16 7 | acccgcacctggcactgtca ggcctetgatt gzzgagggzgicccttgacagt gggcectgecggatggtgtee -
tgcagatccgaactggctee
13 49 37 | gggectgecggatggtgtee gatgatttcaa g(c:zcgcc(ﬁ;gggatcgagctcg:ttcgcag acccgeacctggeactgtca geatggggctggectetgatt
geag
rs17861094 | CYP1A1
tgcagatccgaactggetec
17 49 37 | gggcctgecggatggtgtee acgatgatttca Zzzcgcci:%;gggatcgagctg:ttcgcag acccgcacctggeactgtca geatggggctggcctetgatt
gcaggecce
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SNP ID ene PBS | RTT | edit engRNA / pegRNA tl:gfjirA tpgRNA / pegRNA | second nicking sgRNA s sglc\;):ciglc IS(II;%er
& (nt) | (nt) | pos. spacer (5'->3") p, , RTT-PBS (5'->3") "A" spacer (5'->3") & , 'p
(5'->3) (5'->3")
acgtccctgtagegetggct
17 29 22 | acccgcacctggeactgtca ggceccttgete catccttgacagtgecaggt | gggectgecggatggtgtee -
gegggt
rs45565238 | CYP1A2
13 29 22 acgtcectgtagegetgget
acccgcacctggeactgtca atgcccgagea | catccttgacagtgecaggt | gggectgecggatggtgtee -
gc
attggctccatgeccgtgct
17 38 28 | gggcctgecggatggtgtee gacgatttcaa ggtgctgageegectggac | acccgeacctggeactgtca geatggggctggcccttgcete
accatccggeaggecc
rs138652540 | CYP1A2
attggctccatgceegtgct
13 38 28 | gggcctgeecggatggtgtee acgacgatttca | ggtgctgagecgectggac | acccgcacctggeactgtea geatggggctggcccttgcte
accatccggcag
cccttgaaattgtegeectge
13 31 21 | ggacaccatccggeaggece atggagccaatg | cgcaccagggectgeegg | ggctcatecttgacagtgee -
atggt
rs34067076 | CYP1A2
cccttgaaattgtegeectge
17 31 21 | ggacaccatccggcaggece gtgcggatctge | cgeaccagggecetgeegg | ggctcatccttgacagtgee -
atggtgtcc
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