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1. Introduction

The discovery of CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) revolutionized gene editing by enabling the gene editing machinery to be easily
reprogrammed through changing the so-called spacer sequence within its RNA(1).
Streptococcus pyogenes Cas9 (SpCas9) is the most widely used CRISPR-associated
nuclease, enabling site-specific genome modifications via the induction of DNA double-
strand breaks(2,3). These breaks are subsequently repaired by the cell’s DNA repair
pathways, typically resulting in small insertions or deletions (indels), or precise sequence
changes when a donor DNA template is provided(4). However, the use of nucleases can
lead to chromosomal rearrangements and on-target aberrations(5), which are detrimental
to therapeutic applications. Moreover, the donor template used for homology-directed
repair can also integrate into the genome via alternative pathways. To mitigate these risks,
several approaches have been developed that utilize a nickase variant of Cas9, which
introduces single-strand rather than double-strand breaks(6—8). Prime editing represents
the most recent and is considered one of the most promising advancement among these
nickase-based editing systems(8). It enables the precise installation of substitutions, small
deletions, and insertions without inducing double-strand breaks or requiring a donor DNA
template, thereby minimizing the occurrence of unintended modifications.

Prime editing is a complex genome engineering process that employs a
ribonucleoprotein complex known as the prime editor. The prime editor comprises a
fusion protein (consisting of a nickase version of SpCas9 and a reverse transcriptase) and
a 3'-extended single guide RNA, referred to as the prime editing guide RNA (pegRNA).
The 3’ extension of the pegRNA contains the primer binding site (PBS) and the reverse
transcriptase template (RTT), which includes the desired edit. The mechanism of prime
editing can be described in six sequential steps. First, the prime editor binds to the target
site which is complementary to its spacer sequence and introduces a single-strand break
(nick) on the non-target DNA strand (Fig. 1/1.). The released 3' DNA end hybridizes to
the complementary PBS sequence of the pegRNA and functions as a primer for the
reverse transcriptase (Fig. 1/2.). The reverse transcriptase then extends the non-target
DNA strand along the RTT template, thereby incorporating the desired edit into the DNA
(Fig. 1/3.). This newly synthesized strand forms a 3" DNA flap that equilibrates with the
original, unedited 5' flap (Fig. 1/4.). The 5’ flap is preferably cleaved by an endogenous



flap endonuclease, then the edited strand is ligated (Fig. 1/5.). Finally, the introduced edit

may become fixed by mismatch repair or during replication (Fig. 1/6.).
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Figure 1.: Schematic representation of the prime editing process. The prime editor
binds to and nicks its target site. The PBS hybridizes to the released 3’ DNA strand, which
serves as a primer for the reverse transcriptase. The reverse transcriptase then extends the
DNA end along the RTT template. The newly synthesized strand forms a 3" DNA flap
that equilibrates with the original 5’ flap. The 5’ flap is preferably cleaved by endogenous
endonucleases, after which the edited strand is ligated. Finally, the edit may become fixed
by the mismatch repair or during replication. PBS, RTT, RT refer to the primer binding

site, reverse transcription template, reverse transcriptase, respectively.

Unfortunately, the efficiency of PE to introduce certain edits remains low, likely
due to a combination of inhibitory factors. The complexity of the PE process makes it
difficult to identify the determinants that are responsible for this low activity. A variety
of recent studies have attempted to identify these limiting factors and increase the
efficiency of PE by addressing key bottlenecks. Many of these efforts have achieved
considerable success; some of these approaches are introduced below.

The 1% step of PE (Fig. 1/1.) may be inhibited by the PBS-spacer intramolecular
interaction as the two sequences are complementary. Reduced activity associated with
long PBSs is well-documented in the literature(9—13). While shortening the PBS can
mitigate this inhibition, it may simultaneously weaken hybridization with the 3’ end of
the target DNA, thereby reducing priming efficiency. As a result, each PBS typically

requires extensive optimization. Several studies have attempted to alleviate this burden



by developing prediction tools(10,14—18), some of which based on the melting
temperature (Tm) of the PBS(10,11). However, these approaches have achieved limited
success, likely because additional factors contribute to determining the optimal PBS
length and sequence. Other strategies aim to overcome this inhibition by introducing
mismatches within the spacer sequence(19), refolding of the pegRNA prior to its
application in RNP format(20), or subjecting transfected cells to cold shock(11).

The 2™ step of PE (Fig. 1/2.) may be hindered by the degradations of the 3' end
of the pegRNA, as it is not protected by the bound Cas9 prime editor protein. The
degradation of the 3' extensions of pegRNAs during prime editing has been demonstrated
using northern blot and RT-qPCR analyses(21). The inhibitory nature of these degraded
pegRNAs was highlighted by Nelson et al.(21) suggesting that degraded, editing-
incompetent pegRNAs inhibit PE by occupying the target site, thereby preventing intact
pegRNAs from binding and thereby from facilitating editing. An approach to mitigate
this, is to incorporate a protective 3' end downstream of the PBS(21-25) Although these
protective methods did not entirely prevent degradation(21,25), it could substantially
increase prime editing efficiency(21-25).

The 4™ step of PE (Fig. 1/4.) may be inhibited by 3’ truncated DNA flaps, which
could be the result of incomplete reverse transcription or 3’ digestion. DNA flaps are
known to undergo extensive digestion by exonucleases and endonucleases via DNA
repair in cells(26-28). If the degradation of the newly transcribed DNA flap occurs during
prime editing eliminating the intended edit, it unavoidably decreases PE efficiency. This
diminishing effect has also been experimentally demonstrated by co-expressing a flap-
nuclease in a recent study(29). While no study directly addressed this limitation, Koeppel
and Weller et al.(29) found circumstantial evidence that more structured flaps, which are
more resistant to degradation, can be inserted into the genome at higher efficiency.

The efficiency of incorporating the new DNA strand in step 5 (Fig. 1/5.) could be
increased by designing an alternative pathway with two oppositely oriented pegRNAs,
allowing direct hybridization of the new DNA strands(30,31). This approach proved to
be particularly effective for creating large deletions and insertions(32—38).

The low editing efficiency frequently can be increased by nicking the unmodified

DNA strand, which biases the mismatch repair and can improve the fixation of the edit in



the final step of the process (Fig. 1/6.) (8). However, this also increases the occurrence of
the indel background at the nicked sites(8).

Further work revealed that in the final step (Fig. 1/6.) mismatch repair is
responsible for the reduced efficiency of PE for many targets and edits. Attempts to
alleviate this problem have been made by inhibiting the DNA repair protein
MLH1(39,40) or by introducing an additional edit so that then the resulting double-edit
1s no longer a substrate for mismatch repair(41).

Even after the successful installation of the edit, the measured efficiency may be
reduced as SpCas9 nuclease is known to repeatedly cleave its target if the target sequence
remains unmodified during consecutive cleavage-repair cycles(42—44). A large body of
evidence shows that PE is more efficient when edits alter the PAM sequence(9,13,45),
which is required for Cas9 recognition. This bottleneck can be addressed by co-editing
the PAM site if it does not interfere with the function of the sequence; this strategy has
been shown to enhance editing efficiency at other target positions(13,45).

In addition to low editing efficiency and the frequent occurrence of indels in
certain cases, two major challenges limit the broad therapeutic application of PE: the
absence of a suitable PAM sequence at the targeted single-nucleotide polymorphism
(SNP) site and the large size of the prime editor protein, which limits its compatibility
with adeno-associated virus (AAV) vectors. To expand the targetable sequence space,
PAM-modified PE variants have been developed(46—49). Furthermore, to address the
AAV packaging limitation, smaller prime editors have been engineered by either
separating the reverse transcriptase and the Cas9 nuclease components(50-52) or by

modifying the reverse transcriptase domain itself(50,53-55).



2. Objectives

My first objective is to develop a python script for the bioinformatic analysis of
[llumina NGS data obtained from prime editing experiments. This will allow the
evaluation of prime editing efficiency and the characterization of indel backgrounds
associated with editing. This tool helped in the development of an easy-to-use plasmid-
based assay suitable for the enrichment of successfully edited cells and the systematic
analysis of factors influencing editing.

My second objective is to develop a prime editing tool, proPE (Prime Editing with
Prolonged Editing Window) which overcomes the spacer-PBS interaction limiting prime
editing activity by providing the spacer and PBS on two distinct CRISPR/SpCas9
complexes. I also aim to determine the parameter ranges where it is functioning optimally.

My third objective is to explore its potential for therapeutic applications by
identifying editing scenarios in which it enables more efficient and safer editing compared
to conventional prime editing, and by evaluating its applicability in AAV-based delivery
systems. Furthermore, we aim to explore its potential for reducing off-target effects,
resulting from the system’s design employing two distinct target sites.

My fourth objective is to investigate the mechanisms most likely responsible for

the improved efficiency and specificity of proPE.



3. Methods

3.1 Plasmid construction

All linkers and PCR primers used in this study were purchased from Sigma-
Aldrich. Oligonucleotides used for cloning the plasmid constructs in AAV production
were kindly provided by Dr. Gyorgyi Ferenc, Laboratory of Nucleic Acid Synthesis,
Institute of Plant Biology, HUN-REN BRC, Szeged, Hungary.

3.1.1 RNA-expressing plasmids

To monitor transfection efficiency, the RNA-expressing plasmids contain an
mCherry expression cassette for GFP-PEAR experiments, and a TagBFP expression
cassette for mScarlet-PEAR and NGS experiments. The construction of the RNA cloning
plasmids is detailed below for each RNA type. Spacer coding linkers were inserted into
the RNA cloning plasmids between Bpil sites using 3 units of the Bpil enzyme, 2 units
of T4 DNA ligase, 500 uM ATP, 1x Green buffer, 50 ng vector, and 0.25 uM of each
oligonucleotide. For RTT-PBS cloning, the unique linker was inserted into either the
RNA cloning plasmid or the spacer-containing RNA cloning plasmids between Esp31
sites using 3 units of the Esp3I enzyme, 2 units of T4 DNA ligase, 500 uM ATP, 1x
Tango buffer, 1 mM DTT, 50 ng vector, and 0.25 uM of each oligonucleotide.

Cloning plasmid for engRNA- and 2nd nicking RNA-expressing plasmids:
Cloning plasmids for SpCas9 sgRNA were created by Simon and colleagues(56);
pAT9658-sgRNA-mCherry and pAT9679-sgRNA-BFP. An SaCas9 engRNA cloning
plasmid (pSLK20330-Sa-sgRNA-mCherry) was constructed by assembling linkers
encoding the SaCas9 sgRNA scaffold into the Bpil and Esp3I digested pDAS12069-U6-
pegRNA-mCherry using NEB HiFi Assembly.

Cloning plasmid for tpg/pegRNA-expressing plasmids: Tpg/pegRNA cloning
plasmids without the tevopreQ1 extension were created by Simon and colleagues(56);
pDAS12069-U6-pegRNA-mCherry and pDAS12222-U6-pegRNA-BFP. For most of the
experiments tpg/pegRNAs with a tevopreQ1 extension(21) were used. This extension
provides protection against the 3’ degradation of the tpg/pegRNA. For tpg/pegRNA

cloning plasmids with a tevopreQ1 extension a linker containing an exchangeable cassette
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followed by the tevopreQl extension was cloned between the Esp3l sites into
pDAS12222-U6-pegRNA-BFP and pDAS12069-U6-pegRNA-mCherry plasmids,
resulting in pSLK7824-U6-pegRNA-epeg-BFP and pSLK7822-U6-pegRNA-epeg-
mCherry, respectively.

Cloning plasmid for petRNA expressing plasmids: A cloning vector for
petRNA23 with the same background backbone as tpg/pegRNAs vector, pSLK20322-
U6-petRNA-BFP, was constructed using NEB HiFi Assembly. PCR was employed to
amplify the essential 5’ and 3’ components of the circular RNA (ribozyme, ligation arm,
MS2, and flanking sequences) from the petRNA cloning plasmid (acquired from
Addgene; #181802). The fragments were subsequently assembled into Bpil and Esp31
digested pDAS12222-U6-pegRNA-BFP.

Cloning plasmid for 5°-MS2 and 5’-BoxB RNA-expressing plasmids: To generate
plasmids for subsequent cloning containing a 5" MS2 or BoxB sequence along with the
tevopreQ1 extension, the constructs pSLK20323-U6-MS2-epeg-BFP and pSLK20324-
U6-BoxB-epeg-BFP were constructed using NEB HiFi Assembly. A linker containing
either the MS2 or BoxB sequences, as well as the sequence of an exchangeable cassette
followed by the tevopreQ1 extension4, were inserted into the Bpil and Eco32I digested
pSLK7824-U6-pegRNA-epeg-BFP.

3.1.2 PEAR plasmids

The PEAR-mScarlet plasmid (#162991) used in this study and the pAT9624-
BEAR-cloning plasmid (#162986) were created by Télas and colleagues(57). PEAR-GFP
plasmids with different eng-tpg target distances and with the SaCas9-engRNA target site
were constructed from the pAT9624-BEAR-cloning plasmid (#162986), also created by
Talas and colleagues(57). The linkers coding the targets were cloned into pAT9624

plasmid between Esp3I sites.

3.1.3 Prime editor-expressing plasmids

The following plasmids were obtained from the non-profit plasmid distribution
service Addgene: pCMV-PE2 (#132775) created by Anzalone et al.(9) (the original prime
editor), pPCMV-PEmax-P2A-hMLH1dn (#174828) created by Chen et al.(39) (offering

enhanced prime editing by introducing mismatches in the prime editor and suppressing
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mismatch repair by co-expressing hMLH1 domain) and pCMV-SaCas9-PE (#169851)
created by Liu et al. (58) Several PE-expressing plasmids were constructed using NEB
HiFi Assembly, as described below.

PE2max (offering enhanced prime editing by mismatches introduced in the prime
editor): PCR fragment synthesized from pCMV-PEmax-P2A-hMLH1dn was used to
insert the prime editor coding sequence into Notl and Mssl linearized pCMV-PE2
(Addgene number #132775).

tdMCP-PE4max and N22-PE4max: Linkers were used to insert the tdMCP and
N22 coding sequences into pCMV-PEmax-P2A-hMLH1dn vector linearized using
SpCas?9 in vitro.

nCas9max for sPE: It was created by removing the RT coding sequence from
pCMV-PEmax-P2A-hMLH1dn. The plasmid was digested with EcoRI, overlapping
segments were created by PCR from the same plasmid, and these fragments were
assembled.

MCP-M-MLV-RTmax for sPE: RTmax was amplified via PCR from pCMV-
PEmax-P2A-hMLH1dn, while the plasmid backbone and MCP were amplified from the
MCP-M-MLV-RT vector (created by Liu et al. and acquired from Addgene, #181799).
Then the PCR fragments were assembled.

PEmax (SPRY-Cas9): SPRY-Cas9 was amplified via PCR, while an upstream
fragment was amplified from the PE2max plasmid to generate an overlapping fragment
which were assembled into Notl and Cpol digested PE2max.

Inactive SpCas9 prime editor: Two regions of nSpCas9 coding sequence from the
pCMV-PEmax-P2A-hMLH1dn vector were PCR amplified with primers overlapping and
containing the D10A mutation in their flanking regions. The resulting fragments were

assembled into Notl and BamHI digested pCMV-PEmax-P2A-hMLH 1dn.

3.1.4 AAV plasmids

p60Im-AAV-v3em-Nterm-PE2max (#198734) and p601m-AAV-v3em-Cterm-
PE2max-ARNaseH-dualU6 (#198735), created by Davis et al.(59), were acquired from
the non-profit plasmid distribution service Addgene.

p601Im-AAV-v3em-Cterm-PE2max-ARNaseH-dualU6 construct was used to

create plasmids containing the C terminal of PE, tpgRNA-expression cassette and a
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second expression cassette either for the engRNA or for the 2" nicking sgRNA. The
constructs were assembled using NEB HiFi Assembly. For both constructs PCR was used
to generate overlapping fragments for the assembly by amplifying the U6 promoter from
AAV-v3em-Cterm-PE2max-ARNaseH-dualU6. PCR was used to amplify the tpgRNA
coding sequence from ‘tpg PRNP(1,3-11) 6 G to T (G127V) RTT23-PBS12 epeg’-
expressing plasmid, the 2" nicking sgRNA coding sequences from ‘2" nick PRNP(4)’-
expressing plasmid and engRNA coding sequence from ‘eng PRNP(1)’-expressing
plasmid. The two constructs were created by assembling the corresponding fragments
with the Notl and HindIll digested p601m-AAV-v3em-Cterm-PE2max-ARNaseH-
dualU6.

The sequences of all plasmid constructs were confirmed by Sanger sequencing

(Microsynth AG).

3.2 Cell culturing, transfection and transduction

HEK293T (CRL-3216) cell line was from ATCC, was authenticated by its
respective supplier and regularly tested negative for mycoplasma.

HEK?293 cells were grown in DMEM supplemented with 10% heat-inactivated
FBS with 100 units/ml penicillin and 100 pg/ml streptomycin. Cells were cultured at 37°C
in a humidified atmosphere of 5% CO2 and were passaged every 3—4 days.

Transfections were performed in triplicates. Transfected cells were analyzed by
flow cytometry three days post-transfection, either for PEAR experiments or to assess

transfection efficiency, followed by genomic DNA purification.

3.2.1 Transfection of HEK293 cells

Table 1 shows the amount of plasmid transfected into HEK293 cells. The amount
of the engRNA and tpgRNA coding plasmids varied for various proPE conditions;
different fractions of the 31ng of ‘standard’ amount of engRNA coding plasmid were
used (1/1: 31 ng, 1/5: 6.2 ng, 1/10: 3.1 ng, 1/12: 2.6 ng, 1/20: 1.5 ng, 1/40: 0.8 ng, 1/80:
0.4 ng), referred to as the ‘engRNA fraction’. The amount of tpgRNA plasmid varied
such that the sum of plasmids encoding engRNA and tpgRNA was equal to the amount
of pegRNA in the corresponding control experiment. Different amounts of engRNA

and/or tpgRNA coding plasmids were used in experiments shown in Figure 9,13,17. The
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amount of prime editor was modified as detailed below for experiments shown in Figure

13 and Figure 17.

Table 1: Table shows the amount of the plasmids transfected into HEK293 cells. All
experiments were performed with the indicated quantities highlighted by grey
background. Quantities for conditions other than these (Figures 9) are indicated

individually in the table.

su prime 2nd
pegRNA / PEAR
m editor/ nicking
(engRNA + plasmid
(ng SpCas9 sgRNA
tpgRNA) (ng) (ng)
) (ng) (ng)
PEAR -
(without 2™ nicking 350 223 91 - 36
sgRNA)
PEAR -
(with 2" nicking 350 223 55 36 36
sgRNA)
genomic -
(without 2" nicking 350 248 102 - -
sgRNA)
genomic -
(with 2™ nicking 350 248 62 40 -
sgRNA)
Fig. 9 -
(using only non-
sony 331 211 52.5 34 34
targeting 2"¢ nicking
sgRNA)

Fig. 9: In the experiment with variable amounts of engRNA coding plasmid (26.25
ng, 8.75 ng, 4.77 ng, 2.50 ng, 1.28 ng, 0.65 ng, 0.33 ng, 0.16 ng) a fixed amount of
tpgRNA coding plasmid (26.25 ng) was used. In the experiment with variable amounts
of tpgRNA coding plasmid (51.85 ng, 45.11 ng, 38.37 ng, 31.63 ng, 24.89 ng, 18.15 ng,

14



11.41 ng, 4.67 ng) a fixed amount of engRNA coding plasmid (0.65 ng) was used.
Plasmid encoding a non-targeting sgRNA was used to keep the amount of total DNA
constant at 331 ng across conditions, when needed.

Fig. 13: Editing of sPE, SnPE and proPE was performed under conditions where
the amounts of both the total RNA and protein coding plasmids, as well as the nicking
activity, were kept equal. For sPE, a 3:1 ratio of nCas9 coding plasmid (ng) to RT coding
plasmid (ng) was used, as this ratio seemed to demonstrate the highest activity according
to Liu et al. (Extended Data Fig. 2f in their publication).

Fig. 17: In the PEAR experiment (without 2nd nicking sgRNA), the prime editor
protein harboring a dead SpCas9 and the SaCas9 prime editor protein were used in a 1:3
ratio (dead SpCas9 prime editor: 56 ng, SaCas9 prime editor: 167 ng) with 1/1 engRNA
fraction (31ng engRNA). Variable amounts of tpgRNA coding plasmids were used (60
ng, 45 ng, 30 ng, 27 ng, 23 ng, 20 ng, 17 ng, 13 ng, 10 ng, 7 ng, 3 ng, 0 ng), with the
proportion targeting or non-targeting degraded tpg/pegRNA increased correspondingly
as the tpgRNA amount was reduced.

HEK?293 cells were seeded on 48-well plates 1 day before transfection at a density
of 3-5x10* cells/well. For all experiments the total DNA was mixed with 0.9 pl turbofect
reagent diluted in 50 pl serum-free DMEM and added to the cells after 20 min incubation
at RT.

3.2.2 Transfection and transduction of HEK293T cells with AAV
AAV viruses were purchased from Creative Cell Kft. HEK293 cells were seeded

on 48-well plates at a density of 3x10* cells/well one day before transduction. Cells were
transduced with a total of 1.43x106 MOI of AAV, using a ratio of 1 : 0.84 : 0.16 for the
N-terminal PE2max, C-terminal PE2max with the engRNA and tpgRNA, and C-terminal
PE2max with the 2nd nicking sgRNA and tpgRNA, coding sequences, respectively.
Genomic DNA was extracted three days post-transduction.

For AAV plasmid transfection 170.1 ng N-terminal PE2max, 146.4 ng C-terminal
PE2max with the engRNA and tpgRNA and 28.5 ng C-terminal PE2max with the 2nd
nicking sgRNA and tpgRNA, sequence coding AAV plasmids were used.
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3.3 Flow cytometry

Flow cytometry analysis was carried out using an Attune NxT Acoustic Focusing
Cytometer (Applied Biosystems by Life Technologies). As a rule, signals from a set target
minimum of 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) filters for emission. Percentage of GFP or mScarlet positive cells was
calculated as the proportion of GFP+mCherry or mScarlet+BFP double positive cells
within the mCherry or BFP positive cell population, respectively. mCherry and BFP were
used as indicators of the efficiency of transfection. Attune Cytometric Software v.4.2 was

used for data analysis.

3.4 Genomic DNA purification and genomic PCR

After flow cytometry genomic DNA was extracted using the Puregene DNA
Purification protocol (Gentra Systems Inc). Amplicons for next-generation sequencing
were generated from the genomic DNA samples using two rounds of PCR to attach
[llumina handles. PCR was done in a S1000 Thermal Cycler (Bio-Rad) or PCRmax Alpha
AC2 Thermal Cycler using QS5 high-fidelity polymerase supplemented with Q5 buffer,
and 150 ng of genomic DNA in a total volume of 50 pl. The thermal cycling profile of
the PCR was: 98 °C 30sec; 35 x (denaturation: 98 °C 20 sec; annealing temperature
30 sec; elongation: 72 °C); 72 °C 5min. 15 and i7 Illumina adapters were added in a
second PCR reaction using Q5 high-fidelity polymerase with supplied Q5 buffer and 1 pl
of first step PCR product in total volume of 50 pl. The thermal cycling profile of the PCR
was: 98 °C 30sec; 35 x (98°C 20sec, 67°C 30sec, 72°C 20sec); 72°C 2min.
Amplicons were purified by agarose gel electrophoresis. Samples were quantified with

Qubit dsDNA HS Assay kit and pooled.

3.5 Next-generation sequencing, indel, and editing frequency analysis

Samples were sequenced on NextSeq (Illumina) with paired-end sequencing

resulting in 2 x150 bp reads, by Deltabio Ltd. Reads were aligned to the reference
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sequence using BBMap. Primer dimers that were found among the aligned reads of the
FANCF and PRNP amplicons, were removed from further analysis.

Indels at eng/pegRNA and 2nd nicking sgRNA target sites were computationally
counted from the aligned reads. Indels without mismatches were searched at + 2 bp
around the cut sites. For each sample, indel frequency was determined as (number of
reads with indel either at the eng/pegRNA target site or at the 2nd nicking sgRNA target
site)/(number of total reads). Frequency of precise edits generated by prime editing was
determined as the percentage of (sequencing reads with the desired modification without
indels)/(number of total reads). For intended insertions or deletions in the window of + 2
bp around the cut sites generated by editing, the frequency of precise edits was determined
as the percentage of (all sequencing reads with the desired modification)/(number of total
reads). For these samples, the indel background was calculated from reads containing
indels without considering the desired indel edits. Reads with the intended modifications
were identified by searching for a sequence stretch containing the desired edit, flanked
by 5-5 matching nucleotides. We used modified sequence stretch if the corresponding
WT sequence was found in less than 68% of the reads derived from the empty cells
indicating high sequencing error in the region. In these cases, we modified the sequencing
stretch by allowing any type of nucleotide at the position with high sequencing error and
an additional nucleotide was added to the particular sequence, keeping 5 matching
nucleotides on either side of the edit. The following software were used: BBMap 38.08,
samtools 1.8, BioPython 1.71, and PySam 0.13 to analyse the NGS data. From the value
of each independent sample in a triplicate the average edit or indel value of the empty
cells was subtracted. When specificity values were calculated for the samples and the
resulting values were less than 0.3%, then it was arbitrarily set to 0.3% to avoid unrealistic
specificity values. The average of the three processed values of a triplicate was then
calculated. Specificity values were calculated by dividing the edit values by the indel
values for each sample of a triplicate and then taking the average of these ratios.

Several edits were introduced to the CYP gene. Studying modification at this gene
gene-specific primers were used and gene-specific reads were identified based on
sequence differences between the two genes. 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.
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3.6 Statistics

Homogeneity of variances was tested by Brown-Forsythe test and normality of
residuals was tested by D'Agostino-Pearson omnibus (K2) test. For data sets with a
normal distribution statistical significance was assessed by a two-tailed unpaired t-test for
comparing two groups. For comparing more than two groups one-way ANOVA or RM
one-way ANOVA (in the case of paired comparison) was used, followed by Sidak's
multiple comparisons test (when comparing only the selected groups), Tukey’s post hoc
test (when comparing every group to each other group) or Dunnett's test (when comparing
every group to a control group) was used. In cases where the data did not follow a normal
distribution, significance was assessed using a two-tailed Mann-Whitney test for
comparisons between two groups. For comparisons involving more than two groups, the
Kruskal-Wallis test was used, or the Friedman test in the case of paired comparisons, both
followed by Dunn’s test. Statistical tests were performed using GraphPad Prism 9.2.
Medians of each group are shown on each graph.

Fig. 16: For each normalized 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.
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4. Results

4.1 Python Scripting for PEAR Development

PEAR (Prime Editing Activity Reporter) is a plasmid-based fluorescent assay
designed for the rapid evaluation of prime editing activity and the enrichment of edited
cells. The PEAR plasmid contains a GFP sequence disrupted by a non-functional intron.
In particular, the acceptor site of the intron is mutated, preventing splicing and resulting
in non-functional GFP expression. This mutation can be corrected by prime editing,
restoring functional GFP expression. The resulting percentage of the GFP-fluorescent

cells reflects the prime editing efficiency (Fig. 2).
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Figure 2.: Schematic figure of the PEAR system. The GFP sequence is disrupted by a
non-functional intron, which can be corrected by prime editing and can result in the

appearance of the green fluorescence signal.

PEAR plasmid facilitates enrichment of the cells where prime editing occurred on
the genomic target. In enrichment experiments, two distinct pegRNAs are employed; one
targeting the genomic site and another targeting the PEAR plasmid. Efficient editing of
the PEAR plasmid leads to GFP fluorescence, and sorting GFP-positive cells enables the
enrichment of cells with successfully edited genomic sites.

To analyze prime editing activity at the genomic sites using data obtained from
[Nlumina next-generation sequencing (NGS), we developed a Python script. The analysis
pipeline begins with the merging of paired-end sequencing reads. Typically, sequencing
outputs two raw data files per index pair; the "R1" file containing sequences from one
direction (i5) and the "R2" file from the opposite direction (i7). If the raw data are not
pre-sorted by index pairs, a demultiplexing step is included to assign reads to their index
pairs. Merging the raw data files creates sequences that combine the information from
both the R1 and R2 reads, capturing the full sequence of the amplicon from the i5

direction. We created the appropriate reference files for aligning the merged reads and
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then assessed the indel background around the nick sites from the CIGAR string, an
alignment attribute, followed by the detection of a specific sequence string including the
desired edit (Fig. 3).

— d fil
R file merged e PRESENCE of

aligned file — = indels

R2 fil / reference file / specific sequence (edit)
e

Figure 3.: The pipeline of data analysis. The two raw data files (R1 and R2) were
merged and aligned to its reference file. The aligned file was analyzed to obtain the

editing percentage and the indel background of the editing.

The PEAR assay enables systematic examination of various parameters of a given

prime editing system, which will be exploited in the following sections of this thesis.

4.2 Development of proPE

ProPE, short for prime editing with prolonged editing window, is a prime editing
tool designed to enhance prime editing efficiency. A pegRNA has two different functional
components: the reverse transcription template (RTT-PBS) required for reverse
transcription and the spacer responsible for target recognition. The PBS region of the
RTT-PBS is complementary to the spacer, creating an intramolecular interaction that may
reduce prime editing activity (Fig. 4a).

To overcome this intramolecular inhibition, we separated the RTT-PBS and
spacer into two different single guide RNAs (sgRNAs); the essential nicking gRNA
(engRNA) and the template providing gRNA (tpgRNA). The engRNA nicks the target
site recognized by its spacer sequence, which is identical to the spacer of the
corresponding pegRNA, while the tpgRNA provides the primer and template for reverse
transcription. The tpgRNA is directed to a nearby target in the vicinity of the nicked DNA

strand by its short spacer sequence which facilitates binding without cleavage (Fig. 4b).
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Figure 4.: Schematic figure illustrating the development of proPE; the inhibition of
PBS—spacer intramolecular interaction observed in PE (a) can be overcome in proPE by
separating the two sequences into distinct SgRNAs (b). engRNA, tpgRNA, pegRNA,
PBS, RTT, RT refer to the essential nicking gRNA, template providing gRNA, prime
editing gRNA, primer binding site, reverse transcription template, reverse transcriptase,

respectively.

We introduced proof-of-concept experiments on the EMX1 genomic site and on
a PEAR assay integrated into the genome. Specifically, we tested whether both the
engRNA and a nearby targeting tpgRNA are required for editing and compared proPE to
conventional PE. Our results indicate that both the engRNA and tpgRNA are essential for
proPE editing, as no editing was observed in the absence of either RNA. Targeting the
tpgRNA to a site near the engRNA target significantly enhances editing efficiency beyond
that of conventional PE, although it is not strictly required (Fig. 5a,b).

a Introducing EMX1 6 G del (RTT15-PBS14) b Correction of PEAR-mScarlet reporter
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o= 1° : : oz ' H ||} (sequencing reads)
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Figure 5.: Both engRNA and tpgRNA are essential for proPE editing. a, Amplicon
sequencing results of introducing 6 G deletion at the EMX1 site by PE and by proPE with

varying its components. b, The same experiment was performed using the PEAR plasmid
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in HEK293 cells and a HEK293 cell line with genome-integrated PEAR copies.
Fluorescence data were obtained from both cell lines, while NGS data was available only
from the HEK293 cell line carrying genome-integrated copies. Different ‘eng fractions’
were used in the experiments which will be explained later. ‘T” and ‘NT’ indicate the
targeting and non-targeting tpgRNA, respectively. All data points were calculated as the

mean of triplicates.

4.3 Characterization of proPE

Next, we identified some of its working parameters; specifically, we investigated
how the distance between the engRNA and tpgRNA target sites and their orientation, the
spacer length of the tpgRNA, and the amounts of engRNA and tpgRNA applied influence
editing efficiency. These experiments were conducted using the PEAR assay, which
allows systematic evaluation of an individual proPE parameter while keeping all others
constant.

To examine the spatial configuration, we tested 26 different distances between the
engRNA and tpgRNA target sites, in both trans and cis orientations (Fig. 6), using the
same engRNAs and tpgRNAs for all the distances and orientations. We found that
effective editing occurred when the two target sites were separated by 0 to 30 nucleotides
in trans orientation, or 6 to 30 nucleotides in cis orientation, corresponding to ~70 bp and
~45 bp between the two NGG PAMs, respectively. Interestingly, a periodicity of around
10 nt is apparent in the editing efficiencies in both orientations, suggesting that the coiling
of the DNA helix affects the optimal assembly of the proPE components and their
efficiency (Fig. 6).
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Figure 6.: PAM for tpgRNA is likely to be found at an appropriate distance from
the engRNA target site. Fluorescence data, reflecting editing activity at various
engRNA-tpgRNA distances, were obtained using the PEAR assay. ProPE/PE edit ratio is
shown for both cis and trans orientations. Light grey line indicates the ratio, where the
editing efficiency of PE and proPE is the same. All data points were calculated as the

mean of triplicates.

These findings indicate that a PAM for the tpgRNAs is generally found at an
appropriate distance from the engRNA target site. Indeed, our analysis of the ClinVar
database revealed that in 98.6% of the engRNA targets, which are closest to a human
pathogenic SNP, there is at least one tpgRNA target site within the optimal distance and
orientation from the engRNA targets.

Nevertheless, we explored whether the targetable scope could be further expanded
using SpRY, a Cas9 variant developed by Walton et al.(49), which recognizes a relaxed
“NRN” PAM sequence. We tested the activity of PE-SpRY and proPE-SpRY on NGG
targets and compared it to the WT variants. Consistent with the literature(60), SpRY-
based prime editors showed low editing efficiency in both PE and proPE settings (Fig. 7).

Prime editing with WT

. 2 PAM-altered Case variants Figure 7.: SpRY-based prime editing systems
g% 20 ° exhibit low editing efficiency with both PE and
g’% o ° proPE. Amplicon sequencing results show editing
%é 10 .. < efficiencies for PE, the corresponding proPE, and
Eé : - : - 2 § §:38 their SpRY variants. All data points were calculated

PE  PE  proPE proPE as the mean of triplicates.
SpRY SpRY

Next, we investigated the effective length of the tpgRNA spacer ranging from 5
to 15. It is known that the spacer lengths shorter than 15 nt typically do not cleave their
targets(61) (Fig. 8a), which is essential for tpgRNA function. We used four distinct proPE
combinations to investigate the spacer length of the tpgRNA. Each combination is defined
by a specific engRNA, a tpgRNA, and a second-nicking sgRNA. ProPE editing was still
observed with tpgRNAs containing 5-nt-long spacers, however editing efficiency

declined when spacers were shorter than 10 nt (Fig. 8b).
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Figure 8.: Characterization of the optimal spacer length for tpgRNA. a, Amplicon
sequencing data of cleavage by SpCas9 at the EMX1 site show that spacers shorter than
15 nt do not facilitate cleavage. K- indicates the control with inactive SpCas9. Statistical
significance was assessed by a one-way ANOVA and p-values are indicated above the
bars. b, Fluorescence data from PEAR assay using four different proPE combinations
(two PEAR assay based on GFP and two on mScarlet) show that proPE editing is effective
with tpgRNA spacer lengths between 10-15 nt. All data points were calculated as the

mean of triplicates.

Finally, we examined the optimal amounts of engRNA and tpgRNA in proPE
using four different proPE combinations. We decreased the amount of one specific RNA
while keeping the other constant and added a non-targeting RNA to maintain the same
total DNA amounts for transfection. We found that both too little and excessive amounts
of the engRNA of the nicking complex reduced the editing efficiency. While with
increasing amount of tpgRNA the editing efficiency reaches saturation (Fig. 9). Based on
these results, all subsequent proPE experiments were performed using varying amounts

of engRNA, and for the sake of clarity, only the best-performing condition is shown in

most cases.
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Figure 9.: Both insufficient and excessive amounts of engRNA reduce the editing
efficiency, while with increasing the amount of tpgRNA leads to saturation of editing
efficiency. Fluorescence data from PEAR assay using four different proPE combinations
were used to identify the optimal ranges of engRNA and tpgRNA. All data points were

calculated as the mean of triplicates.

4.4 ProPE enhances efficiency on low-performing edits

Since proPE generally improved editing efficiency compared to PE in earlier
experiments (Fig. 5,6,7,8b), we next evaluated its performance on 13 frequently used
edits from the literature(8,56,62,63). In contrast to the earlier results (Fig. 5,6,7,8b), an
overall improvement with proPE was not observed on these 13 edits (Fig. 10a,b). To
understand the discrepancy between the previous results (Fig. 5,6,7,8b) and those
obtained from these 13 PE and proPE conditions (Fig. 10a,b), we examined the
differences between them. We noticed that, while all 13 edits were located close to the
target site, mostly within the target sequence, the desired edits in the previous figures
(Fig. 5,6,7,8b) were positioned much farther from the target. This suggested that the
distance of the edit from the target site might be a critical factor influencing efficiency.

To test this hypothesis, we categorized the edits into three groups based on their
distance from the target site: the within-target edit group (positions 1, 2, 3, 5 and 6), the
target-proximal group (positions 4, 7, 8, 9, 10), and the target-distal group (positions
greater than 10) (Fig. 10c). We then performed an experiment using the same 8 targets
(and tpgRNA targets for proPE) with the same PBSes in each group, but changed the
editing position, and thus the sequence and the length of the RTT. We observed a marked
decline in editing efficiency as the edit was positioned farther from the target site, with 4
out of 8 target-distal edits showing extremely low efficiency (Fig. 10d). Notably, proPE
significantly improved the overall editing efficiency in the target-distal group, while also

enhancing editing specificity (Fig. 10e,f).
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Figure 10.: The position of the edit influence PE editing and proPE improvement.
a,b Amplicon sequencing data of PE and proPE editing on within-target edits. c,
Schematic overview of the different edit groups defined by the distance from the nick
site. d, Amplicon sequencing data of PE showing the decline in PE efficiency as the edit
distance from the nick increases. e,f, Amplicon sequencing data demonstrating the ability
of proPE to enhance both editing efficiency and specificity on target-distal edits. For data
sets with normal distribution statistical significance was assessed by a RM one-way
ANOVA (d) or by a two-tailed unpaired t-test (a). For data sets with a non-normal
distribution statistical significance was assessed by a two-tailed Mann-Whitney test (b)

and by a Friedman test (e,f). Light grey line indicates the ratio, where the editing
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efficiency of PE and proPE is the same (e,f). All data were calculated as the mean of

triplicates. a,b, N=13, d-f, N=8. All data points were calculated as the mean of triplicates.

We noticed that proPE tends to enhance the efficiency of introducing edits that
conventional PE fails to introduce effectively. To support this observation, we evaluated
proPE on 76 PE combinations, out of 130 total, in which conventional PE achieved less
than 5% editing efficiency. In these cases, proPE substantially increased the overall

efficiency, by 6.2-fold, up to 29%, while also improving the specificity (Fig. 11a,b).
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Figure 11.: ProPE enhances editing efficiency and specificity of introducing low-
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performing edits. a, Amplicon sequencing results of PE and proPE editing introducing
several target-distal edits, showing that proPE increases editing efficiency specifically for
edits where conventional PE fails to achieve high efficiency. b,c, Amplicon sequencing
data demonstrates that proPE improves both the overall editing efficiency and specificity
across 76 low-performing edits. Medians are shown, statistical significance was assessed
by a two-tailed Mann-Whitney test, p-values and fold change between proPE and PE are

indicated on the top and next to the dots, respectively, N=76. All data points were

calculated as the mean of triplicates.

4.5 ProPE could reduce the off-target effect of editing

ProPE has the potential to reduce off-target effects compared to conventional PE,

as it relies on two distinct target sites instead of one. To assess this, we examined off-
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target editings while introducing a G-to-T substitution at position 2 of the HEK4 site.
ProPE exhibited increased specificity, reducing off-target editing (Fig. 12a) as well as
both on-target and off-target indels (Fig. 12b).

ProPE reducing the off-target effect (HEK4 2 G to T)
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Figure 12.: ProPE could reduce off-target effect of prime editing. The installation of
a G-to-T substitution at position 2 of the HEK4 site demonstrated comparable on-target
editing activity between proPE and conventional PE. However, proPE exhibited reduced
off-target editing (a), lower indel formation at off-target site and also at the on-target site
(b), therefore improving specificity of the editing. All data points were calculated as the

mean of triplicates.

4.6 Comparison of proPE with other split pegRNA systems

While we were developing proPE, two related methods, sPE-petRNA(51) and
SnPE(64), were published. Both approaches separate the RTT-PBS sequence from the
targeting spacer. In sPE-petRNA, the reverse transcriptase (RT) is uncoupled from the
Cas9 nickase and fused to the MS2 coat protein (MCP), while the circular RNA carrying
the RTT-PBS sequence contains an MS2 aptamer that is recognized by MCP. In contrast,
SnPE utilizes a tethering approach in which a motif-binding protein, either tdMCP or
N22p, is fused to the PE protein. This protein binds to an MS2 or BoxB aptamer,
respectively, which is positioned at the 5' end of the linear RTT-PBS sequence. In
summary, the two methods differ in whether the RTT-PBS is circularized(51) or kept
linear(64) for optimized editing, and whether it is not recruited(51) or directly recruited

to the nicking complex(64).
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When comparing proPE to these other split systems on target-proximal and target-
distal edits, proPE exhibited substantially higher editing efficiency than both sPE and
SnPE (Fig. 13).
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4.7 ProPE is compatible with AAYV delivery

To evaluate proPE’s potential for therapeutic applications, we tested its
compatibility with the AAV delivery system. Based on the study of Davis et al.(59), we
designed three AAV vectors to overcome the size limitations of AAVs: the first encoded
the N-terminal half of the prime editor, while the second and third carried the C-terminal
half along with the tpgRNA, paired either with the engRNA or the second-nicking sgRNA
for improved editing(9). Applying AAV-delivered proPE to HEK293 cells resulted in
high editing efficiency (Fig. 14).
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4.8 Overcoming the bottlenecks of prime editing

ProPE can increase editing efficiency for the majority of the corresponding
pegRNAs in our experiments with the greatest increase achieved with low-performing-
edits, including the target-distal edits. We identified four inhibitory bottlenecks in the

prime editing process, which proPE is capable of mitigating.

4.8.1 Bottleneck-a caused by the spacer-PBS intramolecular interaction

PE is generally less efficient when longer primer binding sites (PBSs) is used(9—
13), likely due to intramolecular interactions between the PBS and spacer regions of a
pegRNA. We demonstrated that proPE successfully mitigates this limitation (Fig. 15) and
propose that proPE achieves this by separating the PBS and spacer into distinct molecules,
thereby eliminating these inhibitory intramolecular interactions.

To test whether proPE improves editing compared to PE where stronger
intramolecular interactions are expected within the pegRNA, we tested the same six
pegRNAs and tpgRNAs with both shorter and longer PBSs. We found that extending the

PBS generally has a negative impact on PE, an effect not observed with proPE.

No spacer-PBS interaction Figure 15.: ProPE overcomes the inhibition
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were calculated as the mean of triplicates.

4.8.2 Bottleneck-b caused by the 3° degraded pegRNAs

The 3’ extension in pegRNAs is frequently degraded during prime editing, and
the resulting 3'-degraded pegRNAs inhibit PE efficiency(21). We demonstrate that proPE

successfully mitigates this limitation. We propose that a key factor enabling proPE to
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overcome this limitation is the shorter dwell time of tpgRNAs on the target compared to
pegRNAs.

The degradation of the 3' extensions of pegRNAs during prime editing has been
demonstrated using northern blot and RT-qPCR analyses(21). Nelson et al.(21)
demonstrated that such degraded pegRNAs can reduce editing efficiency by using
degradation-mimicking pegRNA. We used the same approach to compare their effect on
proPE and conventional PE (Fig. 16). Three types of tpg/pegRNAs were used: (1) intact
tpg/pegRNAs with all necessary elements for editing, (2) degraded tpg/pegRNAs lacking
the RTT and PBS to mimic natural degradation, and (3) non-targeting degraded
tpg/pegRNAs as controls. To test inhibition, we gradually replaced intact tpg/pegRNAs
with degraded ones. In separate control experiments, we used non-targeting degraded
tpg/pegRNA (which do not compete for target binding) instead of the degraded ones to
account for the reduced amount of intact tpg/pegRNA in transfection. In Figure 16,
inhibitory effects that are normalized to the corresponding non-targeting degraded results
are shown. The inhibitory effect of degraded pegRNAs on PE efficiency is apparent,

while it is significantly less pronounced in the case of proPE.
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Figure 16.: ProPE mitigates the inhibition caused by 3’ degraded pegRNAs in PE.
PE or proPE editing was assessed in the presence of increasing amount of degraded RNAs
targeting the same site. The editing values are normalized 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
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assessed between the slope of the fitted lines by using the nonlinear module of GraphPad.

(This figure is primarily the result of Dorottya Simon’s contribution.)

We propose that proPE reduces the inhibitory effects seen with 3’ degraded
pegRNAs, due to the fast dissociation rate of its tpgRNAs complex. Wild-type SpCas9 is
known to remain bound to its target DNA for extended periods, forming a stable post-
cleavage complex(65). This prolonged binding is also observed(65) for the nickase
version of SpCas9, that nicks the non-target strand. In contrast, inactive SpCas9
complexes with 20-nt-long spacers do not maintain this stable post-cleavage
conformation and dissociates from the DNA much more quickly(65). Furthermore, it has
been reported that the dissociation rate of inactive Cas9 complexes is even faster when
shorter spacers are used(66), although the magnitude of this difference is smaller
compared to the difference between the dissociation rates of active and inactive
complexes(65,66). As a result, tpgRNAs (which are in inactive complexes with shorter
spacers) are expected to dissociate more quickly than pegRNAs. Thus, an inhibitory,
degraded tpgRNA is more likely to be replaced by an intact tpgRNA during the time
window when the nicked DNA strand is available, which may explain their reduced
inhibitory potential.

We aimed to design an experiment to test this hypothesis. Unfortunately, we could
not directly compare the exact dwelling time differences between inactive tpgRNA
complexes with short spacers and active complexes with 20-nt-long spacers, as using an
active tpgRNA complex would introduce confounding factors. Specifically, the active
complex would also nick the DNA at the tpgRNA target, potentially affecting mismatch
repair and increasing background indel levels, making it difficult to make a reliable
comparison. We were still able to test the difference between shorter (12 nt) and longer
(20 nt) spacers in inactive complexes, although the difference in dwelling times was
expected to be substantially smaller in this model than between PE and proPE.

The same experimental design was used in Figure 17 as in the Nelson article(21)
as well as in Figure 16, except the tpgRNAs were complexed with a prime editor protein
harboring inactive SpCas9, while the engRNAs were complexed with a nickase SaCas9
prime editor. Two identical proPE conditions were compared, with the only difference

that the spacer length of the co-expressed degraded tpgRNAs was either 12 or 20

32



nucleotides. To test their inhibitory effect, editing was examined where the intact
tpgRNAs were replaced by these degraded tpgRNAs with increasing amounts. To account
for the effect of the reduced amount of intact tpgRNA, increasing amount of non-targeting
degraded tpgRNAs, that do not compete for target binding, were added in control
experiments. In Figure 17, the inhibitory effects (of degraded RNAs) are shown
normalized to the corresponding non-targeting degraded results. The inhibitory effect of

degraded tpgRNAs with 12-nt-long spacers is significantly lower than with 20-nt-long

Spacers.
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Figure 17.: The inhibitory effect of degraded tpgRNAs with 12-nt-long spacers is
significantly lower than with 20-nt-long spacers. ProPE editing was assessed in the
presence of increasing amount of degraded tpgRNAs targeting the same site. The editing
values are normalized to the corresponding values from experiments where non-targeting
degraded RNAs were co-expressed. ProPE editing in the presence of co-expressed
degraded tpgRNAs was compared using different spacer lengths (12 nt and 20 nt). Data
(mean + s.d) were calculated from triplicates (n=3) of the targeting samples, each
normalized to the average value of the triplicates of the corresponding non-targeting
samples (with non-targeting degraded tpgRNA). Statistical significance was calculated
between the parameters of the fitted curves. Centered second order polynomial
(quadratic) model was used for the fitting in GraphPad. This model provides better fitting
to these points than the linear model, of which parameters also resulted in significant

differences between 12- and 20-nt-long spacers.
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4.8.3 Bottleneck-c caused by the 3’ truncated new DNA strand

The 3’ truncation of the newly transcribed flap sequence reduces PE
efficiency(29). We demonstrate that proPE successfully mitigates this limitation and
propose that a key factor enabling proPE to overcome this limitation is the previously
introduces shorter dwell time of tpgRNAs on the target compared to pegRNAs, allowing
for faster turnover on the target site.

We investigated whether a degraded flap could be more efficiently re-elongated
by proPE than by PE, by designing an experiment where double edit could only occur if
a short flap is successfully prolonged. We maintained it by using a tpg/pegRNA which
installs the first edit simultaneously with a tpg/pegRNA which harbors a 3’ extension with
the 2" edit without the PBS (PBS-less), therefore this tpg/pegRNA cannot install the edit
on its own. However, when the flap containing the first edit is prolonged by the PBS-less
tpg/pegRNA, it can result in double editing (Fig. 18a). We observed a higher amount of
double editing in the case of proPE, while all corresponding positive controls showed
lower or the same activity as with PE (Fig. 18b). This confirms that the differences

observed here are not due to the higher activity of proPE on these edits.
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Figure 18.: ProPE is more effective than PE at elongating truncated flaps. a,
Schematic representation of the experimental design to examine truncated flap
elongation. Double editing could occur only if the short flap (generated by a tpg/pegRNA
harboring a within-target edit) is re-elongated by a tpg/pegRNA containing the second
edit but lacking the PBS sequence. b, The graph presents three separate examples
demonstrating that proPE exhibits a significantly higher propensity for re-elongation.
Data (mean + s.d.) were calculated from triplicates. Statistical significance was assessed

by a multiple unpaired t-test.

4.8.4 Bottleneck-d caused by re-nicking

Re-nicking of the target sequence by the editor limit the efficiency of PE. We
demonstrate that proPE successfully mitigates this limitation and propose that proPE is
less sensitive to these limitations because its nicking activity can be adjusted
independently of the templating function.

When the edit is not within the target sequence, the target site remains accessible
in the edited DNA and can be re-nicked. Re-nicking the already edited DNA can lead to
indel formation and reduce the amount of the clear edits (edits without indels). We show
that reducing the amount of engRNA by more than an order of magnitude can increase
editing efficiency (Fig. 9, 19a) and concomitant reduction in indel formation could occur
(Fig. 19a). These findings indicate that an optimal level of nicking activity exists, and that
excessive nicking can limit PE efficiency. We also present examples of individual
pegRNAs where proPE substantially increased editing over PE when lower engRNA

plasmid amount was used (Fig. 19b).
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triplicates.
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5. Discussion

Prime editing has revolutionized the field of genome engineering; however, its
inconsistent efficiency remains a major challenge for its broader application. Many efforts
have been made to increase the usability of prime editing, but each method comes with
its own limitations, and further improvements are still needed.

Significant advances have been made, including the protection of the pegRNA’s
3’ end, the use of paired pegRNAs to synthesize complementary DNA strands including
the edit, introducing a second nicking sgRNA to bias mismatch repair, or co-expressing
MLHI1dn to transiently suppress mismatch repair. Co-editing the PAM site can also
improve outcomes by resulting in edits that are no longer substrates of mismatch repair
and by reducing re-nicking.

Despite these advances, limitations persist. Complete protection of the pegRNA’s
3’ extension has not been fully achieved. A new approach applying a fusion prime editor
provide enhanced 3' end protection but exceed the packaging capacity of adeno-
associated viruses (AAVs). Additionally, using a second nicking sgRNA often leads to a
substantial increase in indel formation. Suppressing mismatch repair via MLH1dn raises
concerns, as it alters the genome-wide mismatch landscape, affects microsatellites, and
the mechanism for resolving mismatch-caused heteroduplexes in MMR-deficient cells
remains unknown(39). Moreover, due to its size, it is also incompatible with AAV design.
Co-editing the PAM is a viable option to reduce re-nicking, though an additional edit may
influence with the pegRNA folding, potentially influencing editing outcomes.
Importantly, PAM editing is not always feasible due to sequence constraints at the site
where the PAM is located.

The development of proPE offers an alternative or complementary solution to
overcome many of these bottlenecks. ProPE could mitigate the inhibitory effects of PBS—
spacer intramolecular interaction, provide a solution against the inhibitory effects of 3’
RNA degradation, and reduces indel formation by decreasing the frequency of re-nicking.
Notably, it uniquely addresses the inhibition caused by 3’-truncated DNA flaps, thanks
to its unique templating properties, which enable the complex carrying the template not
to re-bind directly to the nick and facilitate a more dynamic template exchange, an issue

that no other method currently claims to resolve.
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Although we have highlighted several critical bottlenecks and proposed
corresponding corrective mechanisms by proPE, we do not exclude the possibility that
additional factors and mechanisms may also contribute to the improved performance of
proPE.

An important finding of this study shows that the position of the intended edit has
a striking impact on editing efficiency, and we were surprised that it has not been apparent
earlier. However, a brief review of several prominent prime editing papers may provide
an explanation as they all focus on edits within a narrow window (positions: 1-10 nt)

(Table 2.).

Table 2.: Several high-profile studies developing enhancement methods for prime editing

focus on edits within a specific window.

Publication All samples for edits | All samples for
in positions 1-10 nt | edits in positions
>10 nt

Anzalone et al., Nature(9) ~410 9
Chen et al., Cell.(67) ~2000 0
Nelson et al., Nature Biotechnology(68) ~1000 0
Koeppel et al., Nature Biotechnology(29) ~3604 0
Lin et al., Nature Biotechnology(69) ~101 0
Petri et al., Nature Biotechnology(12) ~54 0
Lin et al., Nature Biotechnology(10) ~184 0

The identified inhibitory effects can be classified based on their impact on
different edit groups. We propose that the PBS-spacer intramolecular interaction
(bottleneck-a) and the presence of 3° degraded pegRNAs (bottleneck-b) influence editing
outcomes across all edit positions. In contrast, re-nicking (bottleneck-d) affects edits at
target-proximal and target-distal positions, as the target can be re-nicked by the PE
complex if the target remains unmodified after editing. Presence of truncated DNA flaps
(bottleneck-c) and its correction may be especially relevant for target-distal edits, where
both the inhibitory effects and also the corrective mechanism of proPE are likely to be

more pronounced. This can be attributed to the observation that 3> DNA flap degradation
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is more pronounced for longer flaps(29) and longer flaps are most likely to retain an
extended priming sequence, enabling proPE to initiate re-elongation. Therefore, the
combined influence of these bottlenecks is likely greatest for target-distal edits, where
proPE also demonstrates the highest potential for correction (Fig. 10e,f). This is
especially important, as a large proportion of human pathogenic SNPs fall into the target-
distal category (Fig. 20). To support the potential future therapeutic applicability of
proPE, we also demonstrated its compatibility with AAV-based delivery systems (Fig.
14) and its reduced off-target effect (Fig. 12). Although the development of active, PAM-
flexible prime editors may reduce the need for targeting distal edits by enabling more

SNPs to be addressed as within-target edits, their editing efficiency remains quite low.

Human pathogen SNPs
>50 nt

Figure 20: Distribution of the
human  pathogenic = SNPs

(total: 75259) based on their

>10 and < 50 nt 1-3, 5, 6 nt

distance from the nearest targe
within-target site, showing that a large
out-of-target portion of these SNPs are

classified as target-distal edits

(positions >10).
4 and >6 and =10 nt

Comparison with other split prime editor systems demonstrated that proPE
achieves higher editing efficiency than similar methods. We attribute this improvement
to targeting the template in close proximity to the nick, instead of no targeting or targeting
to the nicking complex. Different targeting strategies may influence both the initiation of
prime editing and the effectiveness of corrective mechanisms ‘b’ and ‘c’, which likely
contribute to proPE’s enhanced performance. Overcoming the PBS-spacer intramolecular
interaction (bottleneck-a) is inherently achieved by these similar methods, whereas re-
nicking (bottleneck-d) can be addressed by all of these systems through the application
of a reduced amount of nicking sgRNA, as demonstrated during the optimization of
proPE. Overall, we believe proPE outperforms other split systems due to its unique

targeting approach.
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As the field of prime editing is still in its early stages, additional bottlenecks will
likely be identified, and further solutions developed. We believe proPE is a valuable
advancement in the prime editing toolkit, addressing multiple bottlenecks and offering

promising potential for therapeutic applications.
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6. Conclusions

First, we developed a Python script for the bioinformatic analysis of [llumina NGS
data from prime editing experiments, enabling accurate quantification of editing
efficiency and detailed characterization of associated indel profiles. Building on this, we
established an easy-to-use, plasmid-based assay for the systematic evaluation of prime
editing outcomes.

Second, we developed a novel prime editing system, proPE, which overcomes the
limitations imposed by spacer—PBS interactions by delivering the spacer and PBS on two
separate CRISPR complexes. The complex with the essential nicking gRNA (engRNA)
nicks the target site recognized by its spacer sequence, while the complex with the
template providing gRNA (tpgRNA) provides the primer and template for reverse
transcription. Our results indicate that both the engRNA and tpgRNA are required for
proPE editing, as no editing was observed in the absence of either RNA. We also
systematically characterized its working parameters in respect to the position of the two
target sites, the spacer length of the tpgRNA and the amount of the engRNA.
Additionally, we found that the PAM-flexible SpRY prime editor is not suitable for
efficient editing in either the PE or proPE format.

Third, we explored the therapeutic potential of proPE by identifying editing
contexts in which it significantly improves both efficiency and specificity compared to
conventional prime editing. ProPE is more likely to improve the editing efficiency and
specificity on target-distal edits and in cases where conventional PE fails to reach high
efficiency. We further demonstrated its compatibility with AAV-based delivery systems
and its potential to reduce off-target effects due to its design employing two distinct target
sites. We observed that other split pegRNA approaches did not exhibit the same
therapeutic advantages as proPE.

Finally, we investigated the mechanisms underlying proPE’s improved
performance and identified key factors contributing to its enhanced editing efficiency and
specificity. These include overcoming spacer—PBS interactions, reducing the inhibitory
effects of 3'-degraded pegRNAs, re-elongating the 3'-truncated DNA flaps that arise

during prime editing, and decreasing harmful DNA re-nicking.
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Together, these achievements establish proPE as a robust and versatile prime
editing tool, with broad potential for both fundamental research and therapeutic genome

editing applications.
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7. Summary

Prime editing (PE) is a versatile and precise genome editing technique; however,
its broad application has been limited by variable efficiency and specificity, often
requiring extensive optimization for each target. To overcome some of these limitations,
we developed proPE (prime editing with prolonged editing window), a PE tool that
employs two sgRNA; one to introduce the nick and another non-cleaving sgRNA to
position the reverse transcriptase template in close vicinity of the nick.

ProPE demonstrates significantly improved performance, particularly in editing
contexts where standard PE is inefficient. For 76 editings where PE achieves less than
5% efficiency, proPE enhances efficiency up to 29.3% and improves both efficiency and
specificity by 6.0 and 3.8-fold, respectively. By addressing key limitations of PE, proPE
expands the range of targetable edits, including many pathogenic SNPs.

By extending the editing window and reducing the off-target effect, proPE offers

a powerful tool for therapeutic applications.
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