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1. Introduction 

1.1 The CRISPR/Cas9 system 

The discovery of CRISPR/Cas systems, often referred to as bacterial immune systems 

because they function as a defence mechanism against viruses and bacteriophages, has 

led to the development of a revolutionary new gene-editing technology (1). Today, 

because of their practicality and customizability, these systems and their numerous 

variants have become widely used tools in targeted genome editing of living organisms 

and in research (2,3). The most commonly used CRISPR/Cas system originates from 

Streptococcus pyogenes and consists of a complex of a Cas9 nuclease (often referred to 

as SpCas9) and a single guide RNA (sgRNA) (Figure 1). The 20-nucleotide-long spacer 

sequence of the sgRNA directs the complex to its target on a double-stranded DNA. An 

NGG protospacer-adjacent motif (PAM) sequence recognized by the SpCas9 protein, 

located downstream of the target sequence, is also essential, since in its absence, binding 

between the target and spacer sequences does not occur. Once the spacer sequence has 

hybridized to its target, the SpCas9 protein cleaves both strands of DNA three base pairs 

upstream of the PAM (2,3) (Figure 1). This double-strand break (DSB) is repaired by the 

cells’ own repair mechanisms, and this process can be utilized for DNA editing. Which 

repair mechanism is activated depends on numerous factors, including the cell type, the 

cell’s state, or the type of double-strand break. Generally speaking, these repair 

mechanisms either rejoin the strands, such as non-homologous end-joining (NHEJ), 

which is prevalent in mammalian cells and often involves the addition or removal of 

nucleotides, or they use a DNA template for repair, such as homology-directed repair 

(HDR), which operates primarily in dividing cells mainly in the S or G2 cell state (3,4).   

Since in most mammalian cells DSBs are repaired with the error-prone end-joining 

process, that generates insertions or deletions (indels) at the targeted site, this is more 

suited to generate frameshift mutations (5,6), disrupt cis-regulatory elements (7), or when 

two sgRNAs are used at the same time, create large deletions (8). By providing a DNA 

template when cleaving at the genomic site, HDR can also be used for editing: to 

introduce point mutations, precise insertions, or deletions, as well as to integrate large, 

gene-sized DNA fragments (8,9) (Figure 1). However, despite numerous attempts to 

improve the efficiency of HDR, such as by optimizing DNA donors (10,11) or adding 
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HDR-enhancing chemicals (12), the majority of edits still contain unwanted indels or 

consist entirely of them (13). Cleavage of both strands of the DNA can also lead to 

chromosomal rearrangements or translocations (14), and although this technology holds 

great promise not only in research but also in medicine and agriculture, questions 

regarding its safe application in these fields still need to be resolved.  

SpCas9 can be highly active at target sequences, but it is also prone to cutting at sites 

that share sequence similarities with the original target, thereby causing unintended 

modifications (15). To reduce this so-called off-target effect, numerous variants of 

SpCas9 have been developed through rational design or directed evolution (16,17), and 

although these often do reduce off-target activity, the on-target efficiency of the proteins 

also diminishes, therefore, screening these variants for a given target is necessary to 

achieve optimal on-target but reduced off-target activity (18). 

1.2 The new generation CRISPR/Cas9 based tools 

A new generation of SpCas9-based tools, base editors (BE) and prime editors (PE), 

decrease the occurrence of unwanted modifications by using an inactive (dead) or nickase 

form of the protein (dSpCas9 and nSpCas9, respectively), which either possess no 

cleavage activity or cleave only one strand of the DNA. These methods are also better 

suited for making small, base-pair-level modifications to the genome.  

Figure 1. The SpCas9 nuclease and the two principal pathways of double-strand break 

(DSB)-mediated genome editing. The SpCas9 is shown in complex with its DNA target. The 

sgRNA is depicted in green, the SpCas9 protein is shown in yellow. The PAM sequence is 

indicated in red. Gray triangles denote the cleavage sites of the respective DNA strands. Non-

homologous end joining (NHEJ) typically results in small insertions or deletions (indicated in 

gray), while homology-directed repair (HDR), in the presence of a repair template, enables the 

precise incorporation of a defined DNA sequence (indicated in blue). Figure adapted from (4), 

with minor edits. 
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1.2.1 The base editor (BE) 

To create base editors, either a cytosine deaminase or a modified version of it, 

adenosine deaminase, has been fused to the dSpCas9 protein, enabling C to T, T to C, A 

to G, or G to A base conversions (19,20). Numerous BE variants are now available, which 

are more active or have editing windows of varying sizes, and  C to G transversion base 

editors have also been developed (3,21,22). Although base editors are suitable for 

modifying a single base, their use often results in additional edits when a nearby C or A 

base is also edited; therefore, the most suitable variant for the given edit must be selected 

with careful consideration (3).  

1.2.2 The prime editor (PE) 

Prime editing is also capable of base pair substitution, although base editors can 

access different editing positions, as they perform editing within the target sequence, 

whereas prime editing allows for editing in the downstream region from the cleavage site 

of the nSpCas9 (3,23). The true practicality of prime editing, however, lies in its ability 

to perform any type of modification in the genome: not only substitutions, but insertions 

and deletions as well. This is made possible by a 3'-extension of the sgRNA, which results 

in the prime editing guide RNA (pegRNA), that serves as a template for an engineered 

version of the Moloney-murine leukemia virus (M-MLV) reverse transcriptase (RT) 

linked to the SpCas9 nickase protein. During prime editing, the PE protein, in complex 

with the pegRNA, recognizes and binds to the target sequence, after which the non-

targeted strand is cleaved. The cleaved DNA strand then hybridizes to the 3' sequence of 

the pegRNA, known as the primer-binding site (PBS). Then, the RT elongates the non-

targeted DNA strand based on the pegRNAs reverse transcriptase template (RTT) region, 

which is located between the PBS and the scaffold sequence and contains the desired 

modification to be introduced into the genome (Figure 2a, b). The newly synthesized 3' 

DNA flap initially competes with the original 5' flap of the cleaved DNA (flap 

equilibration), but the cells’ DNA repair mechanisms are able to excise the 5' DNA flap, 

allowing the edited strand to be incorporated into the genome. The edit is finalized by 

replacing and repairing the targeted, unedited strand (3,23,24) (Figure 2c-f). This system 

was named PE2. 
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1.2.2.1 The limitations of PE and its advanced versions 

The prime editing technology has been utilized to edit numerous endogenous targets, 

many of which are clinically relevant (e.g., HBB—the E6V mutation is responsible for 

sickle cell anemia (23); HEXA—a 4-base insertion causes Tay-Sachs disease (23); PRNP 

Figure 2. The components and mechanism of the prime editing system. a) A depiction of the 

main components of the prime editing system. b) The new DNA strand synthesis based on the 

RTT. c, d) Flap equilibration, the newly synthetized 3’ DNA strand and the unedited 5’ strand 

compete for binding to the original strand. e, f) The edited strand gets successfully incorporated 

into the genome. and Figure adapted from (24). 
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– the G127V mutation confers resistance to prion diseases (23); CDKL5 – pathogenic 

variants are responsible for CDKL5 deficiency disorder (25); CTNNB1 – mutations can 

lead to hepatocellular carcinoma (26); CXCR4 – the P191A mutation prevents HIV 

infection (25), and IL2RB – certain mutant variants enable orthogonal IL-2 receptor 

reactivity in T-cell transfer therapy (25)) in order to investigate their broad applicability 

and specificity.  It has also been demonstrated that PE is capable of gene modification in 

various cell types, such as immortalized and cancer-derived human cell lines (HEK293T, 

K562, U2OS, HeLa) (23) or in human pluripotent stem cells (hPSCs) and mouse 

embryonic stem cells (ES), the transfection of which is generally more challenging. 

Furthermore, PE has proven to be active in organoids, various model organisms 

(Drosophila, zebrafish, mice), and plants as well (27). Despite these successful editing 

results, however, low editing efficiency remains a challenge, leading to the development 

of several PE variants to overcome this limitation. 

To improve the editing efficiency of the PE2 system, an additional sgRNA was 

introduced that nicks a secondary target site on the unedited strand. This prompts the cells’ 

repair mechanisms to use the edited strand as a template to repair the opposing unedited 

strand, thereby increasing the incorporation of the modification into the genome. This 

system was named PE3, which successfully increased editing efficiency, although 

increased indel activity was also reported, and prime editing may still be relatively 

inefficient for certain genomic targets (23). By incorporating mutations into the PE 

protein that enhance its nicking function, codon optimization, and the addition of 

additional nuclear localization signals (NLS), PEmax was developed, which further 

increased the efficiency of prime editing (25).  

Further improvements were achieved with the development of PE4, in which a 

dominant-negative MLH1 variant (MLH1dn) is co-expressed with PE2 (25). MLH1dn is 

known to inhibit mismatch repair (MMR), one of the repair pathways that influences 

prime editing, and it has already been demonstrated that inhibition of MMR-related genes 

can increase PE efficiency (28–30). As described in PE3, PE5 was created by adding a 

secondary nick to the unedited DNA strand (25). Furthermore, in addition to the intended 

edit, the synonymous mutations incorporated into the pegRNA RTT sequence may also 

reduce the effect of MMR, as this repair mechanism is less effective at recognizing 

heteroduplexes with three or more consecutive mismatches (25).  
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During the development of the PE6 system, several variants were created (PE6a–

PE6g); some of these were smaller in size to facilitate delivery via viral vectors (PE6a 

and PE6b), while others contained modified SpCas9 and RT components to enhance the 

system’s editing efficiency and specificity (PE6c–PE6f) (31). 

To develop PE7, the La protein, a small, RNA-binding exonuclease-inhibiting factor 

capable of binding to the pol-U region of pegRNA transcribed by RNA polymerase III, 

was fused to PEmax. This system thus stabilizes the pegRNA by protecting its 3’ end, and 

exhibits improved prime editing activity compared to previous PE versions (32,33). 

Originally, Anzalone et al. tested prime editing on sequences located up to 33 

nucleotides downstream of the cleavage site and reported detectable editing results (3,23). 

However, most studies on prime editing focus on edits within the target sequence (those 

located 1–3 spacer positions upstream of the cleavage site or within the PAM, likely 

because mismatching in the seed region of the target sequence disrupts SpCas9 activity 

or because the mutated PAM is no longer recognisable for the SpCas9) and optimize 

editing at these sites (25,34–36). Surprisingly few studies have evaluated prime editing at 

positions distant from the nick site (more than 10 nucleotides away), and in these, it was 

found that PE generally operates with poor efficiency at target-distal sites (37,38) (Figure 

3). Increasing the efficiency of low-performing and target-distal edits broadens the 

applicability of prime editing-based techniques, including the development of therapies. 

PE is based on the conventional SpCas9 thus it recognises an NGG PAM sequence as 

well. To make certain edits easier to reach, when no NGG sequence can be found in close 

proximity, PAM flexible SpCas9 variants have been developed into prime editors. PE-

SpG and PE-NG recognize a reduced NG PAM, while PE-SpRY (R is A or G, Y is T or 

Figure 3. Specifying editing positions in prime editing. The nSpCas9 cleaves the DNA strand 

three nucleotides upstream of the PAM. Edits within the target region occur at these three 

nucleotides and at the GG region of the PAM sequence. Edits proximal to the target region are 

those located within 10 nucleotides of the cleavage site, while edits distal to the target region are 

located more than 10 nucleotides away. Figure adapted from (38). 
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C) recognizes a relaxed NRN PAM. These versions, however, often show low editing 

efficiency (39). 

1.2.2.2 Optimising the pegRNA 

The properties of pegRNA are just as important as those of the PE protein, since the 

lengths of the PBS and RTT are critical for effective prime editing. The optimal length of 

these sequences depends on the target sequence: an effective PBS ranges from 8 to 14 

nucleotides in length, and in general, pegRNAs with longer PBS (between 15 and 17 

nucleotides) exhibit low editing efficiency, while the RTT is typically 10 to 20 nucleotides 

long, but multiple optimization steps are required to identify the most effective length. 

(23). Although numerous studies have attempted to reduce the challenges of pegRNA 

optimization, some focusing on melting temperature (40,41), others by incorporating 

mismatches into the spacer sequence (42), studying large pegRNA libraries (37,43–45) 

or treating transfected cells with cold shock (40), these attempts have met with only 

limited success, thus, the optimization of pegRNAs remains a substantial task.  

The degradation of the 3’-end of the pegRNA by exonucleases, as it is not protected 

by the nSpCas9 can also lower the rate of successful prime editing. To address this issue, 

structured RNA motifs were incorporated into the 3’-end of pegRNA, thereby creating 

engineered pegRNAs (epegRNAs) to improve the efficiency of prime editing (34). 

The structure of pegRNA, due to its intramolecular complementarity, can also 

influence the efficiency of prime editing. Since the spacer and PBS sequences bind to two 

separate strands of the same DNA segment, they are themselves complementary, and their 

binding may impair editing efficiency (40,42,46). The longer the PBS sequence, the more 

pronounced this effect could be, therefore, it is essential to find the optimal PBS length 

for a given target to achieve efficient prime editing.  

Sontheimer and colleagues optimized prime editing by separating the pegRNA 

nicking and template providing functions and using conventional sgRNA, along with a 

circular RNA containing the PBS and RTT sequences, which reduces pegRNA 

misfolding, which can occur not only between the PBS and the spacer but also potentially 

between the RTT and scaffold sequences, and likely protects the PBS-RTT sequence from 

exonuclease degradation as well (47). The proPE method is also based on the separated 

pegRNA functions, but by using two separate guide RNAs. Cleaving of the non-target 

DNA strand is performed by the essential nicking guide RNA (engRNA), which is a 
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canonical sgRNA and utilizes a standard 20-nucleotide spacer sequence. The template for 

the newly synthesized DNA strand is provided by the template providing guide RNA 

(tpgRNA), which possesses the 3' extension of the pegRNA (the PBS and RTT 

sequences), but uses a short (11–15 nucleotide long) spacer sequence to avoid cleavage 

of the tpgRNA target site, located within close proximity to the engRNA target site 

(Figure 4). By using these two guide RNAs in appropriate ratios, several inhibitory 

factors, affecting the process of prime editing, can be eliminated simultaneously. It is 

possible to overcome limitations such as protein rebinding and repeated cleavage of the 

target sequence, which can disrupt an already successful edit or the digestion of the newly 

synthesized strand. This system also seems to be less sensitive for the inhibitory effect of 

spacer-PBS complementarity and long PBS sequences (38).  

 

1.3 The PEAR system 

PEAR (Prime Editing Activity Reporter) is a plasmid-based or HEK239T genome-

integrated fluorescent reporter system that serves as a practical tool for assessing prime 

editing activity or isolating cells modified by prime editing. The system is based on a split 

mScarlet or EGFP gene separated by an intron sequence, with a mutated splicing site at 

Figure 4. The main components of the proPE system. The complex of SpCas9 nickase and 

reverse transcriptase is shown in grey. The engRNA, a conventional sgRNA with a 20-nucleotide 

spacer sequence, is marked in blue. The tpgRNA contains the PBS and RTT sequences, which 

are marked in blue and yellow, respectively, and has a short (11–15 nucleotide long) spacer 

sequence, marked in pink. The figure shows the proPE system in cis orientation, where the PAM 

sequences are located on the same DNA strand. Adapted from (38), modified. 
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one end. By replacing the mutated AC base pair with GT via prime editing, the splicing 

site is restored, and the fluorescent signal can be detected by flow cytometry, or the 

corrected sequence in the genome-integrated system can be assessed using next-

generation sequencing (NGS) (Figure 5). 

 PEAR is an easy-to-use and cost-effective reporter for testing various prime 

editing configurations (testing different PBS or RTT lengths, or second nick positions) or 

new PE-based systems. Using the plasmid-based PEAR system, in addition to editing the 

endogenous target (and thus using two pegRNAs, one for the PEAR plasmid and the other 

for the genomic target), it is possible to enrich edited cells by sorting EGFP- or mScarlet-

positive cells (48). 

 

  

Figure 5. Schematic representation of the mScarlet PEAR system. The two mScarlet 

segments are separated by an intron sequence; the mutated splicing site is marked in red, and 

the corrected sequence is marked in green. The two target sequences used for the correction are 

shown on the left side of the mScarlet gene. 
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2. Objectives 

 

1. We aim to investigate how reducing intramolecular complementarity of the pegRNA 

affects the efficiency and specificity of prime editing by: 

1.1. introducing mismatches into the spacer or PBS sequences, 

1.2. introducing 1–4 nucleotide deletions within the 20-nucleotide PBS sequence, 

1.3. combining PBS deletions with spacer mismatches, and 

1.4. assessing potential changes in off-target activity. 

2. We also aim to evaluate the applicability of the proPE approach: 

2.1. in human pluripotent stem cells (hPSCs), and 

2.2. at clinically relevant target sites. 

  



15 
 

3. Methods 

3.1 Materials 

Restriction enzymes (BpiI (#ER1011) and BsmBI (#ER0451)), T4 ligase (#EL0012), 

Transcript Aid T7 High Yield Transcription Kit (#K0441), Dulbecco's modified Eagle's 

medium (DMEM) (#52100-047), Fetal Bovine Serum (#10500064), Turbofect 

Transfection Reagent (#R0532), Penicillin/Streptomycin (#15140-122), TrypLE Express 

Enzyme (#12604021), Geltrex LDEV-Free Reduced Growth Factor Basement Membrane 

Matrix (#A1413302) and Qubit dsDNA HS Assay kit (#Q32854) were purchased from 

Thermo Fischer Scientific. mTeSR1 media (#85850) and Accutase (#07920) were from 

STEMCELL Technologies. DNA oligonucleotides and the GenElute HP Plasmid 

Miniprep kit (# NA0160-1KT) used in plasmid purifications were acquired from Sigma-

Aldrich. Q5 High-Fidelity DNA Polymerase (#M0491L), NEB Stable Competent E. coli 

(# C3040H) were from New England Biolabs Inc.  NucleoSpin Gel and PCR Clean-up kit 

(#740609.250) was purchased from Macherey-Nagel. RNA Clean & Concentrator Kit 

(#R1018) was acquired from Zymo Research. 

3.2 Plasmid construction 

The PEAR fluorescent reporter target plasmid with GFP (pDAS12125_PEAR-GFP, 

Addgene #177178) and the pegRNA and tpgRNA cloning plasmids (pDAS12222-U6-

pegRNA-BFP, Addgene #177181 and  pDAS12069-U6-pegRNA-mCherry), were 

developed by Simon et al. (2022) (48). The mScarlet fluorescent reporter plasmid 

(pAT9752-BEAR-mScarlet,  Addgene #162991)) and the 2nd nicking sgRNA and 

engRNA cloning plasmids (pAT9679-sgRNA-BFP (#162988) and pAT9658-sgRNA-

mCherry (#162987)) were constructed by Tálas et al.(2021) (49). 

The pegRNA and tpgRNA plasmids were cloned using a two-step cloning procedure: 

first, the linkers encoding the spacers were cloned into the pDAS12222 or pDAS12069 

plasmids between the BpiI restriction sites, 3 units of BpiI enzyme, 2 units of T4 DNA 

ligase, 500 μM ATP, 1× Green buffer, 50 ng of vector, and 0.25 μM of each of the 

corresponding oligonucleotides. Next, in a second step, linkers encoding the PBS-RTT 

sequences were cloned between BsmbI sites under different buffer conditions (1 mM DTT 
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and 1× Tango buffer), but using the cloning method described above. To monitor 

transfection efficiency, the sgRNA-expressing plasmids contain a mCherry or TagBFP 

expression cassette. In some cases, a tevopreQ1 extension was also used for proPE 

experiments (34). 

For prime editing experiments, either the pCMV-PE2 plasmid (created by Anzalone et al. 

(2019) (23) and acquired from Addgene #132775) or the same plasmid containing the 

PEmax modifications (R221K and N394K mutations in the SpCas9 nickase) were used 

as the PE and PEmax expressing plasmids. For non-prime editing experiments or for 

control samples the X330-Flag-dSpCas9 (Addgene #92113) plasmid was used as the 

dSpCas9-expressing plasmid, the pX330-Flag-wtSpCas9-H840A (Addgene #80453) as 

the nSpCas9-expressing plasmid and the pX330-Flag-wtSpCas9 (Addgene #92353) (50) 

as the WT-SpCas9-expressing plasmid. 

3.3 Cell culturing and transfection 

The HEK293T (CRL-3216) cells were obtained from ATCC. The HuES9 human 

embryonic stem cell line was a gift from Dr. Douglas Melton, Harvard University. 

(HuES9 NIH Approval number: NIHhESC-09-0022 and Health Care Research Council, 

Human Reproduction Committee in Hungary, Approval number: 6681/2012-EHR.) The 

cell lines were authenticated by their respective suppliers, and they tested negative for 

mycoplasma during our experiments. 

The HEK293T cells were cultured in DMEM supplemented with 10% heat-inactivated 

FBS, 100 units/mL penicillin and 100 μg/mL streptomycin, at 37°C in a humidified 

atmosphere of 5% CO2. HuES9 cells were maintained in mTeSR1 media on Geltrex 

coated plates at 37°C and 5% CO2. HuES cells were passaged every 4-5 days using the 

ReLeSR cell dissociation reagent and were placed in mTeSR1 media. 

In general, transfections of either of the cell types were performed in triplicates and 

transfected cells were analysed by flow cytometry three days post-transfection. 

Transfection efficiency was considered in both PEAR and genomic experiments. In 

PEAR experiments, only those mScarlet/GFP-positive cells were considered successfully 

edited that were also BFP/mCherry-positive (these were used to determine transfection 

efficiency and are found on pegRNA plasmids). For genomic experiments, samples were 
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always analysed by flow cytometry first, followed by genomic DNA purification. When 

evaluating sequencing data, samples were normalized for transfection efficiency. 

3.3.1 Transfection of HEK293T cells 

HEK293T cells were seeded on 48-well plates one day before transfection at a density of 

3×104 cells/well.  For experiments using the PEAR system, the molar ratio of 3:5:1:1 of 

the plasmid components PE, pegRNS, 2nd nicking RNA and PEAR target plasmid, 

respectively, was used, as a total of 598 ng DNA, or 350 ng DNA per well. For the BEAR-

GFP and BEAR-mScarlet cell lines (described by Tálas et al. (2021) (49), and Simon et 

al. (2022) (48)) a total of 598 ng of DNA was used at a 4:5:1 (PE:pegRNA:2nd nicking 

RNA) molar ratio. In case of the genomic targets, the cells were transfected with a total 

of 350 ng of DNA per well at a 5:4:1 (PE2:pegRNA:2nd nicking RNA or 

PEmax:pegRNA:2nd nicking RNA for targets: CDKL1, CTNNB1, CXCR4, IL2RB, HBG, 

COL7A1 T1, COL7A1 T2, CACNA1C T1 and CACNA1C T2)) molar ratio. For the 

wtSpCas9 experiments 232 ng DNA was used per well at a 1:1.5 SpCas9:sgRNA molar 

ratio. Before transfection, the DNA was mixed with 1 μL Turbofect reagent diluted in 50 

μL serum-free DMEM, and the mixture was incubated for 20-30 min at RT before adding 

it to the cells. 

For proPE experiments a total of 350 ng DNA/well was used (248 ng PE, 62 ng 

engRNA+tpgRNA and 40 ng 2nd nick sgRNA). The engRNAs and tpgRNAs were used 

in three different fractions: 1:1, 1:10, 1:40, in these conditions the engRNA amount were 

as follows: 1:1=31 ng, 1:10=3,1 ng, 1:40=0,8 ng.   

3.3.2 Transfection of hPSC cells 

HuES9 cells were transfected at ~70% confluence with a total of 1050 ng DNA/cuvette 

at the same molar ratio as described previously for the genomic targets, in a final volume 

of 20 µL in a 16-well nucleocuvette strip.  Two hours before electroporation, the media 

was changed to fresh mTeSR1 containing a 10mM ROCK inhibitor (Y-27632) solution, 

then the cells were singularized using Accutase. 2×105 cells were mixed with 20 µL 

homemade electroporation buffer (described by Vriend et al. (2014) (52)) containing the 

plasmid DNA, then they were electroporated using a Lonza Amaxa 4D-Nucleofector with 

the CA-137 program. Transfected cells were plated on Geltrex coated 48-well plates in 
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500 µL ROCK inhibitor supplemented mTeSR1 and were incubated for 24 h, after which 

the media was changed to fresh. 

3.4 Flow cytometry 

Flow cytometric analysis was performed using an Attune NxT Acoustic Focusing 

Cytometer (Applied Biosystems, Life Technologies). As a general rule, signals from at 

least 20,000 live cells were recorded, with gating based on side and forward light 

scattering parameters. The BFP, GFP, mCherry, and mScarlet signals were excited using 

diode lasers with wavelengths of 405 nm (BFP), 488 nm (GFP), and 561 nm (mCherry 

and mScarlet), and emission was detected using 440/50 nm (BFP), 530/30 (GFP), 620/15 

(mCherry), and 585/16 nm (mScarlet) filters. The data were analyzed using Attune 

Cytometric Software v.4.2.  

3.5 Genomic DNA purification and genomic PCR 

After flow cytometry genomic DNA was extracted using the Puregene DNA Purification 

protocol (Gentra Systems Inc). The amplicons required for next-generation sequencing 

were generated from genomic DNA samples using a two-round PCR to attach Illumina 

adapters. (The first-round PCR primers used to amplify the genomic sequences are listed 

in the appendix.). PCR was done in a PCRmax Alpha AC2 Thermal Cycler using Q5 high-

fidelity polymerase with Q5 buffer, and 150 ng of genomic DNA in a total volume of 

25 μL. The thermal cycling profile of the PCR was: 98 °C, 30 s; 35 × (denaturation: 98 °C, 

20 s; annealing: Tm, 20 s; elongation: 72 °C, 20 s; 72 °C, 5 min). The Illumina adapters 

were added in a second PCR reaction using Q5 high-fidelity polymerase, Q5 buffer, and 

1 µl of the first-step PCR product, for a total volume of 25 µl. The thermal cycling profile 

of the PCR was: 98 °C, 30 s; 35 × (98 °C, 20 s; 67 °C, 30 s; 72 °C, 20 s); 72 °C, 2 min. 

After agarose gel electrophoresis, the amplicons were purified using the NucleoSpin Gel 

and PCR Clean-up Kit, and the samples were quantified and pooled using the Qubit 

dsDNA HS Assay Kit. 
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3.6 Next generation sequencing 

Sequencing on an Illumina NextSeq instrument was performed by Delta Bio 2000 Ltd. 

Reads were aligned to the reference sequence using BBMap. The aligned reads were 

considered as the total reads for each sample. 

Indels at the pegRNA and 2nd nicking sgRNA target sites were computationally identified 

from the aligned reads. Indels were searched for at ± 2 bp around the nick/cut sites. For 

each sample, indel frequency was determined as (number of reads with an indel)/(number 

of total reads). The frequency of single substitution mutations without indels generated 

by prime editing was determined as the percentage of (sequencing reads with the intended 

modification without indels)/(number of total reads). Conversely, the 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 intended edit. In both cases, reads with the intended 

modifications were identified by searching for a sequence stretch containing the desired 

edit flanked by 5-5 matching nucleotides. When calculating the edit or indel percentage 

for each sample, the respective background edit or indel percentage derived from 

untransfected cells was subtracted.  

The following programs were used to analyse the NGS data: BBMap 38.08, Samtools 

1.8, BioPython 1.71 and PySam 0.13. 

For each CYP 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. 

3.7 Analysing literature data for the comparison of effective PBS 

lengths for pegRNAs and epegRNAs 

We analysed Dataset 3, 4, 7 and 8 from the Table S2 in the publication of Yu and Kim et 

al. (37) to compare the average PE efficiencies of pegRNAs grouped according to their 
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PBS length between Library-Small and Library-epegRNA, when used with PE2max and 

PE4max systems. We included editing data in the analyses only from editing via the 

conventional 'NGG' PAM. In case of some pegRNAs, we identified more and different 

editing data for a single pegRNA in the data files, therefore we excluded these pegRNAs 

from our analysis.  

3.8 Statistics 

To compare two groups, statistical significance was assessed using a two-tailed unpaired 

or paired t-test. To compare more than two groups, the homogeneity of variances was 

tested using the Brown–Forsythe test, and the normality of the data was tested using the 

D’Agostino–Pearson omnibus (K2) test.  For normally distributed data sets, statistical 

significance was assessed using one-way ANOVA and Tukey’s post hoc test (when 

comparing individual groups with each other) or Dunnett’s test (when comparing 

individual groups with a control group). In cases where the data did not meet the 

assumptions of normal distribution but satisfied the conditions for Box-Cox 

transformation, the transformed data were analysed as described above. Otherwise, the 

Kruskal-Wallis test was applied with the Dunn test. Statistical tests were performed using 

GraphPad Prism 9.1.2 software.  
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4. Results 

4.1 Mismatches in the pegRNA can improve editing efficiency 

The efficiency of prime editing depends heavily on the length of the 3’-extension of 

the pegRNA, particularly the PBS sequence (23,36,37,40). Since prime editing efficiency 

varies in a target-dependent manner, it is essential to optimize the PBS length for each 

individual case. As the effective length falls within a fairly wide range (typically between 

8 and 15 nucleotides), finding the appropriate PBS can be a considerable burden (23). In 

addition, Ponnienselvan and colleagues suggested that there might be differences in the 

preferred PBS length depending on whether a 3’ end-protection is added to the pegRNA 

(40). However, when Sarah Laura Krausz analysed the data from Yu and Kim et al. using 

bioinformatics and compared preferences for prime editing PBS lengths (37), when 

PE2max or PE4max was paired with conventional pegRNAs or epegRNAs, we found no 

substantial difference in the range of the most effective PBS lengths (it was between 11 

and 14 nucleotides for conventional and end protected pegRNAs as well) (Figure 6).  

 

Several prediction tools have been developed to address this optimization problem, 

such as PRIDICT, PRIDICT 2.0, and DeepPrime (37,43–45); and while these can reduce 

the number of PBS lengths tested, experimental testing of multiple pegRNAs is still 

required to identify the most effective ones. In general, however, it is true that pegRNAs 

Figure 6. Analysis of data from the study by Yu and Kim et al. The average PE efficiency of 

pegRNAs and epegRNAs with different PBS lengths—which were used with either the PE2max 

or PE4max systems—was calculated based on data from the Library-Small and Library-

epegRNA datasets. Analysis conducted by Sarah Laura Krausz. 
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with longer PBS lengths (between 15 and 17 nucleotides) often have relatively low editing 

efficiency. Previous studies have also shown that pegRNAs may adopt a misfolded 

structure, presumably due to the compatibility between the spacer and PBS sequences, 

which can reduce editing efficiency (46). This hypothesis is supported by the fact that the 

splitting of pegRNAs, as well as the prolonged cooling time applied during the re-folding 

of in vitro transcribed pegRNAs for ribonucleoprotein experiments, was able to increase 

editing efficiency in some cases (38,46,47).  

4.1.1 Mismatches in the pegRNA spacer 

Fei et al. attempted to reduce the potential indels generated during prime editing by 

introducing mismatches into the pegRNA spacer sequence, and they achieved some 

success not only in reducing the number of indels, but also increasing editing efficiency, 

provided that the mismatches were placed in the appropriate locations (42). However, the 

effects of PBS sequence length and melting temperature were not considered in their 

work, which can determine the locations and effects of mismatches. To account for these 

factors and to investigate the effect of spacer and PBS modifications on spacer-PBS 

intramolecular complementarity and on prime editing efficiency, we first introduced 

mismatches into the spacer and then into the PBS sequence, while applying different PBS 

lengths (Figure 7a). 

We performed our analysis using the PEAR system, both in a plasmid-based form and 

in a version integrated into the HEK293T genome. First, we analysed the mismatch 

tolerance of the SpCas9 protein. It is known that its tolerance varies with targets and 

spacer sequences, in general, however, it tolerates mismatches occurring at positions 

distal to the PAM site quite well, although there are exceptions where such variations 

completely abolish cleavage (15,53,54). In the genome-integrated PEAR system, using 

two mScarlet targets (shifted by 7 nucleotides) and one EGFP target, we applied the 

SpCas9 nuclease with sgRNAs that contained a single mismatch starting from the 10th 

spacer position. The results obtained by NGS showed slightly reduced but still efficient 

cleavage for the two mScarlet targets, while the EGFP target was more sensitive to 

mismatches (Figure 7b). This latter outcome may be associated with the use of a 21G-

sgRNA, which contains an additional 5’ G nucleotide at the 21st spacer position to ensure 

efficient expression from the U6 promoter used in plasmids expressing sgRNAs and 
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pegRNAs. Fu and colleagues have previously shown that extending the spacer sequence 

in the 5’ direction by two Gs increases nuclease specificity; thus, in our case, the EGFP 

target may exhibit heightened sensitivity to incorporated base pair mismatches due to the 

effect of the 21-base-pair-long spacer (15). 

 

Based on previous reports in the literature (53), which are supported by the results of 

the present experiments, that SpCas9 generally tolerates mismatches between the target 

and the sgRNA spacer sequences well in cases where these are distant from the PAM site, 

we investigated whether these differences affect the complementarity between the 

pegRNA spacer and PBS sequences, and if so, how they affect prime editing activity. We 

designed pegRNAs that target the two mScarlet target sequences and whose spacer 

Figure 7. Mismatch sensitivity of SpCas9. a) A schematic diagram illustrating the 

complementarity between the pegRNA spacer and PBS, as well as methods for its reduction. b) 

SpCas9’s tolerance for mismatches at the three PEAR targets integrated into the HEK293T 

genome. On the vertical axis, the spacer sequences are displayed in 5'-3' orientation; mismatches 

are indicated by capital letters and highlighted in red. The indel values were determined using 

next-generation sequencing. The bars show the mean of n=3 samples and the mean ± SD. The P-

values are shown above. The differences between the control group and the samples with 

mismatched spacers using one-way ANOVA and the Kruskal–Wallis test the bars and indicate 

differences from the non-mismatch control sgRNA.  
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contain one, two, or three nucleotide differences, mainly at PAM-distal positions. To 

evaluate the activity of PE3 in the plasmid-based PEAR system, we used varying PBS 

lengths (10, 13, 17) for both targets, and to explore the extent of this complementary 

reducing effect, we used mismatches at positions 8 and 10 of the spacer, as well as in the 

spacer segment beyond the PBS-complementary region (Figure 8). More than half of the 

mismatches occurring beyond position 10, affecting the PBS-complementary region, 

significantly increased prime editing efficiency, by up to 7.2-fold, while only one of all 

the different mismatched pegRNAs reduced editing efficiency (Figure 8). Based on these 

results, even a single mismatch can increase the efficiency of prime editing, provided that 

the mismatch is located within the PBS-complementary region, as it compensates for (or 

possibly even overcomes) the negative effects resulting from the disruption of spacer-

target pair formation. Mismatches beyond the complementary region had no enhancing 

effect; in fact, few of them even reduced efficiency, just as variations near the PAM, which 

had a predominantly detrimental effect (in 7 out of the 12 cases examined), which 

suggests that, in these cases, the weakening of the process by mismatches was stronger 

than the positive effect resulting from the reduction in PBS-spacer interactions (Figure 

8).  

Our assumption is that SpCas9 separates the two DNA strands at target sites longer 

than 20 nucleotides. Thus, elongating the PBS sequence to 20 nt may lengthen the PBS-

non-target DNA complex, which could potentially enhance reverse transcription initiation 

for some targets, while not increasing the complementarity between the spacer and the 

PBS. We tested these extended PBS sequences on the two mScarlet targets as well and 

observed increased editing efficiency at one of them compared to PBS17; however, when 

we introduced mismatches into the pegRNAs with 20-nt PBSs, we did not observe an 

increase in editing efficiency compared to the enhancement of mismatched pegRNAs 

containing PBS17 (Figure 8). 

When we introduced multiple mismatches into the spacer region simultaneously, and 

these mutations fell within the PBS-complementary region, most pegRNAs tested were 

able to enhance editing efficiency, only a couple of them caused a significant decrease. 

Thus, although multiple mismatches may also have a positive effect on the efficiency of 
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prime editing, it appears that the detrimental effect is more frequent than in the case of a 

single mismatch (Figure 8). 

To investigate whether disrupting intramolecular complementarity has a similar effect 

in a genomic context, we tested some of the previously used pegRNAs that contained 

spacer mismatches on mScarlet target 1 integrated into the HEK293T genome. In line 

with previous results, the mismatched pegRNAs tested increased prime editing efficiency 

by up to twofold, even in the case of shorter PBSs of 10 and 13 nucleotides in length 

(Figure 9). 

Figure 8. The effect of spacer mismatches on PE3 efficiency for plasmid-based PEAR 

targets in HEK293T cells. The PE3 efficiency values shown in the heatmaps were normalized 

to the corresponding, no-mismatch pegRNA control values. A significant deviation from the 

control is indicated by a black dot (or a white dot for darker-coloured cells) in the upper left 

corner. The thick horizontal black lines indicate the end of complementarity between the spacer 

and PBS sequences. The three small schematic diagrams above the heatmaps show the interacting 

sequences that may be affected by the modifications (those not affected are grey). The spacer 

sequences are displayed along the vertical axis in a 5′–3′ orientation, with mismatched 

nucleotides indicated in uppercase letters and highlighted in red. The differences between the 

control and samples containing a mismatched spacer were assessed for statistical significance 

using one-way ANOVA, the Kruskal–Wallis test or unpaired two-tailed t-tests. 
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For the EGFP target on which SpCas9 showed little tolerance for mismatches, none 

of the mismatching pegRNAs effected prime editing positively. 

4.1.2 Mismatches in the pegRNA PBS 

Incorporating mismatches into the PBS sequence rather than in the spacer, may offer 

the advantage of lowering PBS complementarity, even in cases where SpCas9 shows 

limited tolerance to mismatches in the spacer. In this case as well, the effect of mismatches 

on prime editing is likely position-dependent, as they may weaken the formation and 

stability of the PBS-non-target strand heteroduplex, thereby hindering the initiation of 

reverse transcription and, consequently, the efficiency of prime editing. Furthermore, 

since reverse transcriptase engages with the phosphate groups and sugar backbone of the 

3’-end of the DNA primer and the 5’-end of the RNA in the heteroduplex in a non-

Figure 9. The effect of spacer mismatches on PE3 efficiency for genome integrated PEAR 

targets in HEK293T cells. The PE3 efficiency values shown in the heatmaps were normalized to 

the corresponding, no-mismatch pegRNA control values. The plasmid-based PEAR results 

presented here are from Figure 5.  A significant deviation from the control is indicated by a black 

dot (or a white dot for darker-coloured cells) in the upper left corner. The thick horizontal black 

lines indicate the end of complementarity between the spacer and PBS sequences. The spacer 

sequences are displayed along the vertical axis in a 5′–3′ orientation, with mismatched nucleotides 

indicated in uppercase letters and highlighted in red. The differences between the control and 

samples containing a mismatched spacer were assessed for statistical significance using one-way 

ANOVA, the Kruskal–Wallis test or unpaired two-tailed t-tests. 
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sequence-specific manner, mismatches at these positions may reduce RT binding to the 

heteroduplex and thus reduce the efficiency of editing. Based on above and the cryo-

electron microscopy structure of PE (55), we hypothesize that mutations starting from 

position 5 of the PBS can effectively reduce intramolecular complementarity while not 

interfering with the process of RT binding and the initiation of reverse transcription. 

We re-examined the three plasmid-based PEAR targets using pegRNAs with PBS of 

varying lengths (10, 13, and 20 nucleotides) that contained one or multiple mismatches 

in the PBS. For the two mScarlet targets, the mismatches in the shorter PBSs increased 

efficiency in only one of the 23 cases examined, but in most cases significantly reduced 

it. However, for longer PBSs, we observed an increase in editing that reached as high as 

6.7-fold, and in only 4 of the cases studied was a 1.5-fold increase not achieved, which is 

likely due to the fact that by using PBS20, the RNA–DNA heteroduplex is more stable 

even in the presence of mismatches (Figure 10).  

Interestingly, in the case of the EGFP target, mismatches placed within the long PBS 

still reduced editing efficiency.  

Based on the results so far, the intramolecular complementarity of the PBS and spacer 

sequences appears to negatively affect prime editing efficiency, consistent with findings 

Figure 10. The integration of mismatched pairs into the PBS sequences of the two mScarlet 

targets. In the case of PBS20, multiple mismatches were incorporated concurrently. The PBS 

sequences are displayed along the vertical axis in the 5′–3′ orientation, with mismatched 

nucleotides marked in uppercase and highlighted in red. The PE efficiency values shown on the 

heatmaps were normalized to appropriate pegRNA controls that do not contain mismatches. 

Statistically significant deviations from the control are indicated by a black dot in the upper left 

corner (or a white dot in darker-colored cells). We tested the significance of the differences 

between the control group and the samples containing inadequate PBS using one-way ANOVA or 

the Kruskal–Wallis test. 
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of previous studies employing different experimental methods (40,46). We have also 

shown that even a single mismatch can be sufficient to mitigate this suppressive effect, 

provided it occurs in the complementary region. 

 

4.2 Deletions in the PBS sequence and the combination of spacer 

and PBS modifications 

4.2.1 Deletions in the pegRNA PBS 

We then investigated whether deletions introduced into the long (20-nucleotide) PBS 

sequence exhibit the same effect as mismatches. We introduced deletions of 1 to 4 

nucleotides, starting at position 6 of the PBS, into the pegRNAs targeting the two 

mScarlet sites in the plasmid-based PEAR system (Figure 9). As controls, we also tested 

pegRNAs containing a shorter PBS region corresponding to the intact sequence located 

upstream of the implanted deletions. According to this rule, if the deletions started at 

position 10, we used a pegRNA with a 9-nt PBS as a control, as well as pegRNAs with a 

long PBS that did not contain a deletion. As observed with mismatches, deletions of 

different sizes and of various positions were also capable of increasing prime editing 

efficiency relative to the pegRNA with a long PBS, particularly at the mScarlet target 2 

site. Here, pegRNAs containing a deletion in the PBS region were even able to surpass 

the efficiency of the pegRNA optimized for this target site. Since deletions starting at 

position 13 resulted in the highest efficiency for both targets, we selected these variants 

for subsequent experiments (Figure 11).  

In most cases, an intact sequence remains in the PBS following the deletion of the 

nucleotides, which we hypothesized contributes to the stability of the heteroduplex 

between the RNA and the non-target DNA strand. To investigate whether this remaining 

3’-end sequence plays any role, we selected three pegRNAs containing a deletion and 

scrambled this remaining region of the PBS. This yielded conflicting results: compared 

to the non-scrambled, but deletion containing variants and the optimal pegRNAs, the 

rearranged sequence either disrupted, enhanced, or had no effect on prime editing activity. 

This suggests that the 3′ region of the PBS influences prime editing efficiency in ways 

other than simply through binding between the PBS and the non-targeted DNA strand, 
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likely by affecting pegRNA stability or protein-RNA interactions, although to varying 

degrees among different pegRNAs. 

 

 

Figure 11. The effect of 1–4 nt deletions within the long (20 nt) PBS sequence for the two 

mScarlet targets. Experiments were conducted using PE3 in the plasmid-based PEAR system in 

HEK293T cells. The three small schematic diagrams positioned above the heat maps and bar 

charts depict the interacting sequences potentially affected by the modifications, while unaffected 

regions are shown in grey. PBS sequences are presented along the vertical axis in a 5′–3′ 

orientation. Sequences shown in black denote the PBS segments that remained intact upstream of 

the deletion site(s), with the number following each sequence indicating its length; these also 

correspond to the PBS sequences of the pegRNAs used as controls. Thin black lines on the left 

side of the panels connect cases in which distinct deletions yielded identical sequences. Bars 

represent the mean and mean ± SD of n = 3 samples. P values are indicated above the columns 

and reflect deviations from the no-deletion control. Differences between pegRNAs with the 

control PBS length and samples containing PBS20 with deletion(s) were assessed for statistical 

significance using either one-way ANOVA or the Kruskal–Wallis test. 
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4.2.2 Combining spacer and PBS modifications 

We next examined whether the effects of spacer mismatches and PBS deletions are 

cumulative at the two mScarlet targets in the plasmid-based PEAR system. We selected 

one- and two-base deletions starting at position 13 (located within a 20-nt PBS) that 

performed well on both targets and paired them with mismatches that are not directly 

opposite these deletions and are located at PAM-distal positions (Figure 12). For 

mScarlet target 2, all combinations significantly enhanced prime editing efficiency 

compared to pegRNAs containing only deletions. At the other target, none of the 

combinations reduced efficiency, although no improvement was observed either. We 

obtained similar results when comparing the efficiency of pegRNAs with combined 

modifications to those with optimal PBS lengths (Figure 12). Thus, mismatches placed 

in the spacer and small deletions within the long, 20-nt PBS may represent an successful 

approach to reduce intramolecular complementarity, which we further investigated in a 

genomic context. 

 

We selected 10 genomic targets previously described in the literature (23) and 

compared the spacer- and PBS-modified pegRNAs with the ones used in the original 

Figure 12. The effect of combining 1–2 nt deletions in PBS20 with spacer mismatches on 

PE3 activity in the plasmid-based PEAR system and in HEK293T cells. a) Altered positions 

within the PBS and spacer are highlighted in red. P values are indicated above the columns and 

represent deviations from the control containing only the deletion. The three small schematic 

diagrams at the top depict the interacting sequences that may be affected by the modifications. 
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study in HEK293T cells. Each newly designed pegRNA contained a one-nucleotide 

deletion within the 20-nt PBS at position 13, along with an additional one-nucleotide 

mismatch (transversion or transversion) at position 13, 15, or 18 of the spacer. Of the 10 

edits, 2 outperformed the optimal pegRNAs reported in the literature (Figure 13). This, 

together with our previous results, suggests that the combination of spacer and PBS 

modifications is likely to further increase editing efficiency compared to conventional 

pegRNAs, although exhaustive optimization is required to identify the most effective 

combinations. 

4.3 The impact of a single nucleotide deletion in the PBS on editing 

efficiency and off-target activity 

When we compared pegRNAs containing combined modifications with pegRNAs 

containing only a deletion, in which the deletion also occurred only at position 13 of the 

20-nt PBS, the results showed that additional spacer mismatches are not necessarily 

Figure 13. The effect of combined modifications of the spacer and PBS on endogenous 

targets. Effect of combining spacer mismatches (transitions or transversions) with a single-

nucleotide deletion at position 13 in PBS20 across 10 endogenous targets in HEK293T cells. 

Shown here are PE3 editing outcomes for pegRNAs derived from Anzalone et al. with shorter 

PBS lengths (DNMT: PBS13, EMX1: PBS15, FANCF: PBS14, HBB: PBS8, HEXA: PBS12, 

PRNP: PBS12, RUNX1: PBS17, HEK3: PBS13, RNF2: PBS15), as well as for the best-performing 

combinations. Bars represent the mean and mean ± SD of n = 3 samples. Values were determined 

using next-generation sequencing. Differences between samples were assessed for statistical 

significance using one-way ANOVA or the Kruskal–Wallis test. 
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required, as only pegRNAs at the PRNP target site exhibited increased editing efficiency 

compared to the control containing only a deletion. In most cases, pegRNAs containing 

only the deletion have already achieved the editing efficiency of the versions described 

in the literature, suggesting that this approach could reduce the burden associated with 

optimizing combined modifications, and even spare the PBS-length optimization step 

altogether. This solution has been named SPELL (Streamlined Prime Editing with fixed-

Length PBS Leverage) (Figure 14a). 

 

To further investigate this approach, we examined seven previously tested pegRNAs 

(38) as well as nine additional targets, five of which had been previously characterized 

(26,56), to see if we could achieve the prime editing efficiency of the original pegRNAs 

using SPELL pegRNAs. In both groups, more than half of the SPELL pegRNAs exhibited 

editing efficiency comparable to that of the original pegRNAs with shorter PBSs. In total, 

we tested 25 targets in the HEK293T genome and observed no significant difference 

between the overall activity of the previously characterized pegRNAs and the SPELL 

pegRNAs (Figure 14b). In addition, we evaluated two targets in a hPSC cell line (in the 

LRRK2 and GBA1 genes) (57), observing a 1.5-fold increase in editing efficiency  for the 

Figure 14. The activity of SPELL pegRNA on endogenous targets. a) Results are from the 

same experiment as Figure 10., here only the short PBS pegRNAs and deletion-only pegRNAs 

shown. Bars represent the mean and mean ± SD of n = 3 samples. b) Summarized short PBS 

and SPELL pegRNA PE3 editing results on genomic targets. a, b) Values were determined 

using next-generation sequencing. Differences between samples were assessed for statistical 

significance using one-way ANOVA or the Kruskal–Wallis test. 
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GBA1 target with a PBS containing a single deletion, while no significant change was 

detected for the LRRK2 gene (Figure 15a). 

Furthermore, in the analysis of two targets with known off-target sites (HEK4 and 

HBB) (23,58), where not only off-target indel formation but also off-target prime editing 

activity was observed, during PE2 editing the use of SPELL pegRNAs did not result in 

increased off-target activity compared to the previously tested pegRNAs (Figure 15b).  

4.4 SPELL pegRNAs do not act by restoring nicking activity 

At the beginning of our work, Éva Bakos conducted an experiment in which we 

compared the cleavage activity of the SpCas9 nuclease using conventional sgRNAs and 

pegRNAs containing a long (15–17 nucleotide) PBS sequence. The results showed that 

even at targets where prime editing has high activity with these pegRNAs, albeit with 

varying efficiency, cleavage activity is reduced compared to sgRNA, leading to the 

conclusion that the PBS-spacer complementarity in the pegRNAs may affect the nicking 

function (Figure 16a).  

Figure 15. Activity of SPELL pegRNAs in a hPSC cell line and off-target effects. a) PE3 

editing at two genomic targets in a hPSC line using pegRNAs with short PBS (PBS13) or 

deletion-only SPELL pegRNAs. b) Off-target editing assessed with PE2 in HEK293T cells at 

previously characterized off-target sites, HEK4 (22) and HBB (55), using pegRNAs with short 

PBSs (HEK4: PBS8; HBB: PBS13) and SPELL pegRNAs. a, b) Bars represent the mean and 

mean ± SD of n = 3 samples. Values were determined using next-generation sequencing. 

Differences between samples were assessed for statistical significance using an unpaired two-

tailed t-test (d, e) 
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However, when we compared the cleavage activity of SpCas9 using pegRNAs 

containing PBSs of different lengths, one of which was the SPELL pegRNA containing a 

deletion, we found that although these pegRNAs yielded prime editing results of varying 

efficiency at multiple targets, their cleavage activity did not differ significantly (Figure 

16b, c). This surprising result suggests that this self-complementary effect does not 

necessarily influence nicking activity, but rather affects another step of prime editing, for 

example efficient RT priming. We have previously observed a similar phenomenon when 

the RTT of the pegRNA interacted with the stem-loop 2 (SL2) unit of the scaffold, and 

although this reduced PE efficiency, cleavage activity was maintained (59). Both findings 

suggest that a more comprehensive investigation of the prime editing process is needed 

to track the precise effects of pegRNA modifications. 

 

Figure 16. SpCas9 cleavage efficiency of sgRNAs and pegRNAs. a) Comparison of SpCas9 

cleavage activities on endogenous targets in HEK293T cells for conventional sgRNAs and 

pegRNAs with 17 nt long PBS (for the RUNX1-1, CYP1A1, CYP1A2, and CYP2B6 targets 

epegRNAs were used). Indel values were determined by using next generation sequencing. 

experiment in HEK293T cells were conducted by Éva Bakos. b, c) On every target a short, 12 

nucleotides, a long, 20 nucleotide and SPELL pegRNA was used. The P-values are shown above 

the columns and indicate the differences relative to the PBS12 control. The bars show the mean 

of the n=3 sample and the mean ± SD. The values were determined using next-generation 

sequencing. We tested the significance of the differences between the samples using unpaired 

two tailed t-tests one-way ANOVA or Kruskal-Wallis test 
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4.5 ProPE enhances editing efficiency on low performing and 

target-distal edits 

 The proPE method, which divides the functions of pegRNA between two guide 

RNAs, enabled efficient prime editing even without extensive optimization, as this system 

appears to work well even with 17-nucleotide-long PBSs, where the PBS-spacer 

complementarity is likely the strongest and which are thus often ineffective. It also 

appears to be less sensitive to the editing position. While conventional PE showed 

declining efficiency the further the position of the edit was located from the nick position 

proPE demonstrated increased efficiency even at editing positions distant from the nick 

site (edits located >10 positions downstream, Figure 3), where prime editing typically 

exhibits low editing efficiency (below 5% in HEK293T cells), thereby successfully 

broadening the editing window of prime editing (38).  

To determine whether the same effects could be observed in other cell lines and to 

investigate the broader applicability of the system, 10 endogenous targets were tested in 

a hPSC cell line; and for the majority of these, editing had to be performed at a position 

distant from the target. Prime editing is quite efficient when applied in HEK293T cells, 

Figure 17. Characterization of proPE efficiency on endogenous targets in a hPSC cell line 

We tested proPE (using PE5max protein and tpgRNA end protection) on 10 endogenous targets 

in an hPSC cell line at three different engRNA ratios. Results were obtained via NGS, and data 

are presented as mean values of n = 3 samples or as mean ± SD. Pe5max with epegRNAs was 

used as a control.  
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likely due to weaker mismatch repair, however, hPSC cells are generally more difficult 

to transfect, and prime editing is typically less active. With proPE however, improvements 

in editing efficiency and specificity (indel/edit ratio) were observed in more than half of 

the tested targets at at least one of the three tested engRNA ratios (the optimal ratio was 

found to be 1:40) (Figure 17). 

This feature is particularly useful, as more than half of known human pathogenic 

SNPs are located farther from the target site than can be targeted with conventional 

SpCas9-based PE (43). To demonstrate the power of proPE, we compared its activity to 

that of PE by editing multiple pathogenic SNPs located in the RYR2 and SCN5A genes, 

which are associated with cardiovascular diseases, as well as in the KRT12 gene, which 

causes hereditary corneal dystrophy. All edits were located more than 10 base pairs 

downstream of the cleavage site, and in each case, PE was compared with two different 

tpgRNAs under proPE conditions. With the exception of the KRT12 target, proPE 

exhibited increased activity on all other targets with at least one of the two tested 

tpgRNAs, and in most cases, editing specificity was also higher with proPE, 

demonstrating its potential (Figure 18). 

  

Figure 18. The efficiency of proPE on human pathogenic targets. The efficacy of ProPE 

(using PE5max protein and tpgRNAs for end protection) was tested on five pathogenic SNPs, 

each with two tpgRNAs, using three different engRNA ratios (1:1, 1:10, 1:40). For each target, 

only the best-performing ratios are shown. Results were obtained by NGS, and data are 

presented as mean values from n = 3 samples and as mean ± SD. Pe5max with epegRNAs was 

used as a control. 
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5. Discussion 

Although the discovery and development of CRISPR/Cas-based systems have 

revolutionized the field of gene editing, prime editing stands out among them due to its 

versatility. However, inconsistencies in its efficiency continue to pose a challenge to its 

wider application. 

The appropriate structure of the prime editing guide RNA, as well as the carefully 

optimized lengths of the PBS and RTT sequences, are crucial for efficient editing. Based 

on our experiments, the presence of the 3'-end of pegRNA weakens its cleavage activity 

compared to conventional gRNAs when using the SpCas9 nuclease, suggesting that an 

inhibitory effect occurs upon extension of the guide RNA. The complementarity of the 

pegRNA appears to be a logical explanation, as the spacer and PBS sequences share a 

significant complementary region (depending on the length of the PBS). We found that 

the efficiency of prime editing can be improved by using mismatching spacer or PBS 

sequences, particularly when using long (17- or 20-nucleotide) PBS sequences, which 

typically result in reduced editing efficiency and possess the longest complementary 

region to the spacer. Although this is not necessarily the primary limiting factor in all 

cases, PBS-spacer complementarity can clearly influence the prime editing process. 

These results support the findings of Fei and colleagues, who incorporated mismatches 

into the pegRNA spacer to reduce potential re-cleavage of the edited target sequences and 

thereby mitigate the formation of indels during prime editing. Their results also showed 

that these mismatches can improve editing efficiency when they occur in the 

complementary regions of the PBS and the spacer, suggesting a broader impact of 

mismatches (42). However, it is clear that the most effective mismatches and their 

positions are difficult to predict, and finding the best approach is likely to depend on the 

target sequence and require significant effort. Deletions in the long (20-nucleotide) PBS 

sequence appeared to be more reliable; a single-nucleotide deletion at position 13 

generally had a positive effect on editing efficiency, although the exact mechanism of this 

effect has not yet been identified. 

Previous studies have confirmed that the correct structure and proper expression of 

pegRNA are crucial for efficient prime editing. For conventional, in vitro transcribed 

pegRNAs, editing efficiency was increased when an optimized folding protocol was used 

to increase the proportion of properly structured pegRNAs during their use in RNP 
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complexes (46). Li and colleagues demonstrated that stabilizing the pegRNA structure by 

adding an extra G/C pair to one of the scaffold loops, or by replacing a few non-G/C pairs 

with G/C pairs within the same loop, resulted in higher editing efficiency for indel edits. 

These types of pegRNAs were named apegRNAs (60). Regarding the complementarity 

of the PBS spacer, an alternative solution had previously been proposed. During the 

development of ePE, Liu and colleagues further extended the pegRNA sequence with a 

Csy4 recognition site. They hypothesized that this 20-nucleotide-long extra sequence, 

which could form a hairpin-like structure, would prevent the ends of the pegRNA from 

folding the molecule into a circular shape. Using this method, they observed a significant 

increase in the efficiency of prime editing (61). Similarly, epegRNAs also utilize 

structured RNA motifs, although here it is for the purpose of protecting against cellular 

exonucleases, which can cleave the 3'-terminus of the epegRNA. In their article, Nelson 

and colleagues discuss that a 3'-pseudoknot sequence (such as evopreQ1 used for 

epegRNAs) does protect these RNAs from degradation and increases editing efficiency 

by reducing the number of truncated, ineffective pegRNAs (34). Similar results were 

reported by Zhang and colleagues, who extended the pegRNA with Xrn1-resistant RNA 

motifs (62). Like ePE pegRNAs, these may also help stabilize the pegRNA structure. 

Although SPELL pegRNAs do not employ structured 3’ extension and do not modify 

the backbone structure, they may also promote the correct conformation of the pegRNA 

by reducing the complementarity of the PBS spacer. It would be interesting to compare 

or even combine the SPELL pegRNA method with the aforementioned pegRNA variants, 

in part to see if there is an additive effect from the different approaches, or if the SPELL 

method can also assist in the PBS optimization step in these cases. It would also be 

worthwhile to investigate the mechanisms underlying SPELL and whether this method 

works in other model organisms, so that it could be further developed and applied more 

widely. 

ProPE also could provide a solution for pegRNA self-complementarity, although it 

aims to address multiple inhibitory factors affecting prime editing efficiency 

simultaneously by separating the cleavage and RT-priming functions of pegRNA, One of 

the method’s greatest achievements is that it enables the editing of sequences distant from 

the target, thereby opening the possibility of correcting numerous human pathogenic 

SNPs. It may be argued that the use of two target sites limits its application, as it requires 
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two PAM sequences located relatively close to each other; however, characterization of 

proPE revealed that the system was functional even with two PAMs spaced approximately 

45–70 base pairs apart (depending on whether the PAMs were on the same or opposite 

strands), making the system quite flexible. Certainly, PAM-flexible PE variants also offer 

the possibility of targeting closer pathogenic SNPs; however, their efficiency is often 

quite low, and when compared to proPE SpRY-based PE and proPE showed declined 

efficiencies, making them less desirable options (38). 

Given that prime editing is a constantly evolving technique, I believe that the methods 

and results presented in this study contribute to improving the usability of prime editing, 

expand its scope of application, and deepen our understanding of the underlying 

mechanisms of the process.  
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6. Conclusions 

In this work, I aimed to investigate the effect of reduced complementarity within the 

pegRNA on the efficiency of prime editing, as well as the efficiency of the proPE method 

for edits located distant from the target (>10 positions downstream from the nick) and on 

human pathogenic SNPs. 

• When we introduced mismatches into the pegRNA spacer while using PBS 

sequences of different lengths (10, 13, 17, and 20 nucleotides), experiments 

conducted in the plasmid-based PEAR system revealed that mismatches located in 

the second half of the spacer but still within the spacer-PBS complementary region 

can improve prime editing efficiency, although the effects were inconsistent. The 

greatest improvement was observed for 17-nucleotide-long PBSs. The positioning of 

mismatches within the PBS sequence was mostly detrimental when using shorter (10- 

or 13-nucleotide) sequences, whereas for 20-nucleotide-long PBSs, we observed 

improvements, albeit to varying degrees. 

• Furthermore, we investigated modifications to a 20-nucleotide-long PBS sequence 

in the plasmid-based PEAR system, this time using 1–4-nt deletions starting at 

position 6. We observed varying effects depending on the length and location of the 

deletions; however, in some cases, the pegRNAs containing the deletion were able to 

match or even exceed the efficiency of the pegRNA with the PBS length optimal for 

the given targets. 

• When we examined mismatches in the spacer combined with 1- or 2-nt deletions in 

the PBS in the PEAR system and later on multiple endogenous targets, we found that 

although in certain cases the mismatches could help enhance the effect of PBS 

deletions, a single deletion at position 13 of the 20-nt-long PBS achieved optimal 

pegRNA efficiency for the majority of targets. We named this method SPELL 

pegRNA and conducted further experiments with it on endogenous targets (25 in 

total) and an hPSC cell line; we found that in more than half of the cases, SPELL 

pegRNAs were just as effective as pegRNAs with short PBS sequences. 

• When examining the off-target activity of SPELL pegRNAs, we also observed no 

notable differences compared to previously characterized pegRNAs. Overall, SPELL 
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pegRNAs are capable of achieving effective prime editing even without extensive 

optimization. 

• Finally, we evaluated proPE for edits located distal to the target and found that, in 

these cases, proPE enables more efficient editing compared to conventional PE, 

thereby allowing the editing of hard-to-reach pathogenic SNPs.  
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7. Summary 

Prime editing is an extremely practical but not particularly efficient genome editing 

method, as its efficiency can be limited by numerous bottlenecks arising during the 

complex process, and its effective application requires thorough optimization. One factor 

hindering efficiency is the complementarity of the pegRNA spacer and PBS sequences. 

Effective editing of every target molecule requires PBSs of varying lengths, which 

represents a considerable optimization burden; however, longer PBSs (15–17 

nucleotides) generally exhibit lower efficiency for the majority of target molecules, likely 

due to the longer complementary segment associated with the spacer. 

We found that by reducing this complementarity, either by introducing mismatches 

into the spacer or PBS sequences, or by introducing small deletions in a long (20 nt) PBS, 

or by combining spacer mismatches with PBS deletions, effective prime editing efficiency 

can be achieved, which sometimes even exceeds the optimal pegRNA efficiency at the 

given target. However, by introducing a single-nucleotide deletion at the 13th PBS 

position, we achieved the efficiency of pegRNAs with short PBSs previously 

characterized at the target site without increasing off-target activity, suggesting that this 

method could potentially reduce the burden of pegRNA optimization. 

We also tested the split prime editor proPE on endogenous targets where the potential 

edit site was located distally relative to the nick site (>10 positions downstream). We 

successfully edited the majority of these endogenous and clinically relevant targets in two 

human cell lines, providing a useful method that could potentially make more than half 

of known, hard-to-reach human pathogenic SNPs editable.  
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Appendix 

Prime sequences used for next generation sequencing 

amplicon Tm sequence  

mScarlet 

68 

fwd TCGTCGGCAGCgtcAGATGTGTATAAGAGACAgcttccccgagggct

tcaagt 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGAC

TTAAAGGGGACCAACACA 

GFP 

70 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACCCTC

GTGACCACCCTGAC 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGACTT

AAAGGGGACCAACACAT 

DNMT1 

66 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACAACA

GCTTCATGTCAGCC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGTTA

ATGTTTCCTGATGGTCC 

EMX1 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCTCA

GCCTGAGTGTTGA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCGTG

GGTTTGTGGTTGC 

FANCF 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTGCTG

ACGTAGGTAGTGC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACACGG

ATAAAGACGCTGGG 

HBB 

68 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGGGTT

GGCCAATCTACTCCC 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCTTCT

CTGTCTCCACATGCC 

HEK3 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGTGGG

CTGCCTAGAAAGG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCCAGC

CAAACTTGTCAACC 

HEK4 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAACCCA

GGTAGCCAGAGAC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTTT

CAACCCGAACGGAG 

HEXA 

69 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCATACA

GGTGTGGCGAGAGG 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAGCCT

CCTTTGGTTAGCA 

PRNP 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCAGTG

GAACAAGCCGAGT 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTTGG

TTGGGGTAACGGTG 

RUNX1 

68 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGAAC

TGGCAGGCACCGAGG 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGTGAG

GCTGAAACAGTGACC 
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RNF2 

62 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACGTCTC

ATATGCCCCTTGG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGTAGGA

ATTTTGGTGGGACA 

CYP1A1 

70 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGGTCC

CCAAAGGCCTGAAGAAT 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAGGGT

GAAGGTGTAGAGGTCG 

CYP1A2 

72 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGGTCC

CCAAAGGCCTGAAAAGT 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGAGGG

TGGAGGTGTAGAGGTCAG 

CYP2B6 

72 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAGACC

AGGACCATGGAACTCAGC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGAAGC

TTCCCCAAGTACCAAGGC 

RYR2 

66 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTCCCT

TAAAAACGTCAAGCTC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAGCGT

CCCAAGAGGTCAAT 

KRT12 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGGAGG

TGGCTCTCTAGGTAT 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCCAAA

GCGCCTCCAAAAGAG 

GBA1 

65 

fwd TCGTCGGCAGCgtcAGATGTGTATAAGAGACAgCCTTGAGAT

GCCTGGATCTTC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGACAA

AGTTACGCACCCAAT 

LRRK2 

66 

fwd TCGTCGGCAGCgtcAGATGTGTATAAGAGACAgTAAGGGAC

AAAGTGAGCACAG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCACATC

TGAGGTCAGTGGTTATC 

gpr58 

66 

fwd TCGTCGGCAGCgtcAGATGTGTATAAGAGACAgCTGCTTCAA

AGCACACCAGA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGCTCG

ATGAAGGCTCTTGTC 

CDKL5 

71 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTCAGA

AGGCCCAGGGACAAAG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGGTA

CTGGGCTCCGCAATTT 

CTNNB1 

68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATTCT

GACTTTCAGTAAGGCAATGA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGCCA

TGGAACCAGACAGAAA 

CXCR4 

72 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTTGGCG

TCTGGATCCCTGCCC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTTGAG

GGCCTTGCGCTTCTGG 

IL2RB 

71 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGACCAG

GACAGGAAGGAGGAA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTGGCA

GGTACAAAGTGGGAGG 
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HBG 

71 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTTCAT

CCCTAGCCAGCCGC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAACGGC

TGACAAAAGAAGTCCTGG 

COL7A1-

T1 
72 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGGTGA

GACCAGTGTGCG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGGCA

CACTCCGCCAG 

COL7A1-

T2 
68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGTTCT

GTCTCCTGCAGAAGTGCC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCACACT

GTAGGAAGGGGAACAAG 

CACNA1

C-T1 
72 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGAGGT

GTCATGGGGGATCTTT 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATGCCG

CCACACACGACGAA 

CACNA1

C-T2 
68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACTCAC

ACCACCACCAACA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACATCCTCCA

AAGAGCTGCATCC 

HEK4-

OT1 
68 

fwd GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGCATG

GCTTCTGAGACTCA 

rev TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCTCCC

TTGCACTCCCTGTCTTT 

HEK4-

OT2 
67 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTGGCA

ATGGAGGCATTGG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAAGAG

GCTGCCCATGAGAG 

HEK4-

OT3 
69 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTCTGA

GGCTCGAATCCTG 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTGTGG

CCTCCATATCCCTG 

HEK4-

OT4 
68 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTCCAC

CAGAACTCAGCCC 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTCGG

TTCCTCCACAACAC 

HBB-OT 

67 

fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATCCACG

TTCACTTTGCCCCA 

rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATCTTA

AACCAACCTGCTCACTGG 
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Spacer, PBS and RTT sequences used for PE experiments 

Spacer mismatches 

 

Target 

name 

Intended 

edit 

RTT 

length 

PBS 

length 

RTT-PBS sequence (5'-3') 2nd nicking spacer 

(5'-3') 

mScarlet 

target 1 

33-34 AC to 

GT 

31 10 acuuaccugcgucacggucacggcgccgccguccucgaagu ggaccaacacauauuuaaa

g 31 13 acuuaccugcgucacggucacggcgccgccguccucgaaguuca 

31 17 acuuaccugcgucacggucacggcgccgccguccucgaaguucaucac 

31 20 acuuaccugcgucacggucacggcgccgccguccucgaaguucaucacgcg 

mScarlet 

target 2 

26-27 AC to 

GT 

38 13 acuuaccugcgucacggucacggcgccgccguccucgaaguucaucacgcg 

38 17 acuuaccugcgucacggucacggcgccgccguccucgaaguucaucacgcgcucc 

38 20 acuuaccugcgucacggucacggcgccgccguccucgaaguucaucacgcgcucc

cac 

   

 

Target name  Mismatch 

position  

Original 

base 

Mismatching 

base 

Mismatching 

base pair 

Sequence (5'-3') 

mScarlet 

target 1 

        gugaugaacuucgaggacgg 

8 G A C-A gugaugaacuucAaggacgg 

8 G U C-U gugaugaacuucUaggacgg 

10 U G A-G gugaugaacuGcgaggacgg 

10 U C A-C gugaugaacuCcgaggacgg 

12 C U G-U gugaugaaUuucgaggacgg 
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12 C A G-A gugaugaaAuucgaggacgg 

13 A G U-G gugaugaGcuucgaggacgg 

13 A C U-C gugaugaCcuucgaggacgg 

14 A G U-G gugaugGacuucgaggacgg 

14 A C U-C gugaugCacuucgaggacgg 

15 G A C-A gugauAaacuucgaggacgg 

15 G U C-U gugauUaacuucgaggacgg 

16 U C A-C gugaCgaacuucgaggacgg 

16 U G A-G gugaGgaacuucgaggacgg 

18 G A C-A guAaugaacuucgaggacgg 

18 G U C-U guUaugaacuucgaggacgg 

20 G A C-A Augaugaacuucgaggacgg 

20 G U C-A Uugaugaacuucgaggacgg 

14+16 A+U G+C U-G + A-C gugaCgGacuucgaggacgg 

17+19 A+U G+C U-G + A-C gCgGugaacuucgaggacgg 

17+19 A+U C+G U-C+A-G gGgCugaacuucgaggacgg 

12+20 C+G U+A G-U + C-A AugaugaaUuucgaggacgg 

12+20 C+G A+U G-A+C-U UugaugaaAuucgaggacgg 

12+17+20 C+A+G U+C+A G-U+U-

C+C-A 

AugCugaaUuucgaggacgg 

12+17+20 C+A+G A+G+U G-A+U-

G+C-U 

UugGugaaAuucgaggacgg 

mScarlet 

target 2 

        ggagcgcgugaugaacuucg 

8 G A C-A ggagcgcgugauAaacuucg 

8 G U C-U ggagcgcgugauUaacuucg 

10 A G U-G ggagcgcgugGugaacuucg 

10 A C U-C ggagcgcgugCugaacuucg 
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12 U C A-C ggagcgcgCgaugaacuucg 

12 U G A-G ggagcgcgGgaugaacuucg 

13 G U C-U ggagcgcUugaugaacuucg 

13 G A C-A ggagcgcAugaugaacuucg 

14 C U G-U ggagcgUgugaugaacuucg 

14 C A G-A ggagcgAgugaugaacuucg 

15 G U C-U ggagcUcgugaugaacuucg 

15 G A C-A ggagcAcgugaugaacuucg 

16 C U G-U ggagUgcgugaugaacuucg 

16 C A G-A ggagAgcgugaugaacuucg 

18 A G U-G ggGgcgcgugaugaacuucg 

18 A C U-C ggCgcgcgugaugaacuucg 

20 G A C-A Agagcgcgugaugaacuucg 

20 G U C-U Ugagcgcgugaugaacuucg 

17+19 G+G A+A C-A+C-A gAaAcgcgugaugaacuucg 

17+19 G+G U+U C-U+C-U gUaUcgcgugaugaacuucg 

12+20 U+G C+A A-C+C-A AgagcgcgCgaugaacuucg 

12+17+20 U+G+G C+U+A A-C+C-U+C-

A 

AgaUcgcgCgaugaacuucg 

12+17+20 U+G+G G+A+U A-G+C-

A+C-U 

UgaAcgcgGgaugaacuucg 

 

PBS mismatches 
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Target 

name 

PBS 

length 

Mismatc

h 

position  

Original 

base 

Mismatchi

ng base 

Mismatching 

base pair 

PBS RTT Space

r 

2nd 

nick 

spacer  

mScarlet 

target 1 

10         uccucgaagu 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g

 

g
u
g
au

g
aa

cu
u
cg

ag
g

ac
g
g

 

g
g
ac

ca
ac

ac
au

au
u
u
aa

ag
 

5 C U G-U uccuUgaagu 

6 G A C-A uccucAaagu 

7 A G U-G uccucgGagu 

8 A G U-G uccucgaGgu 

9 G A C-A uccucgaaAu 

10 U C A-C uccucgaagC 

13         uccucgaaguuca 

5 C U G-U uccuUgaaguuca 

6 G A C-A uccucCaaguuca 

7 A G U-G uccucgGaguuca 

8 A G U-G uccucgaGguuca 

9 G A C-A uccucgaaAuuca 

10 U C A-C uccucgaagCuca 

11 U C A-C uccucgaaguCca 

12 C U A-C uccucgaaguuUa 

13 A G G-U uccucgaaguucG 

20         uccucgaaguucaucacgc

g 

5+7 C+A U+G G-U+U-G uccuUgGaguucaucac

gcg 

6+8 G+A A+G C-A+U-G uccucAaGguucaucacg

cg 

7+9 A+G G+A U-G+C-A uccucgGaAuucaucacg

cg 
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8+18 A+G G+A U-G+C-A uccucgaGguucaucacA

cg 

5+7+9 C+A+G U+G+A G-U+U-G+C-

A 

uccuUgGaAuucaucac

gcg 

6+8+10 G+A+U A+G+C C-A+U-G+A-

C 

uccucAaGgCucaucac

gcg 

8+12+16 A+C+A G+U+G U-G+G-U+U-

G 

uccucgaGguuUaucGc

gcg 

mScarlet 

target 2 

13         aguucaucacgcg 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g
u
cc

u
cg

a
 

g
g
ag

cg
cg

u
g

au
g

aa
cu

u
cg

 

5 C U G-U aguuUaucacgcg 

6 A G U-G aguucGucacgcg 

7 U C A-C aguucaCcacgcg 

9 A G U-G aguucaucGcgcg 

10 C U G-U aguucaucaUgcg 

11 G A C-A aguucaucacAcg 

12 C U G-U aguucaucacgUg 

13 G A C-A aguucaucacgcA 

20         aguucaucacgcgcuccca

c 

5+7 C+U U+C G-U+A-C aguuUaCcacgcgcuccc

ac 

6+8 A+C G+U U-G+G-U aguucGuUacgcgcuccc

ac 

7+9 U+A C+G A-C+U-G aguucaCcGcgcgcuccc

ac 

8+16 C+C U+U G-U+G-U aguucauUacgcgcuUcc

ac 

5+7+9 C+U+A U+C+G G-U+A-C+U-

G 

aguuUaCcGcgcgcucc

cac 
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6+8+10 A+C+C G+U+U U-G+G-U+G-

U 

aguucGuUaUgcgcucc

cac 

8+12+16 C+C+C U+U+U G-U+G-U+G-

U 

aguucauUacgUgcuUc

cac 
 

PBS deletions 

 

Target name PBS 

length 

Deletion 

position 

PBS sequence (5'-3') RTT 

length 

RTT 

sequence 

(5'-3') 

spacer 

sequence 

(5'-3') 

2nd 

nick 

spacer 

(5'-3') 

mScarlet 

target 1 

7   uccucga 31 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g

 

g
u
g
au

g
aa

cu
u
cg

ag
g

ac
g
g

 

g
g
ac

ca
ac

ac
au

au
u
u
aa

ag
 

8   uccucgaa 

9   uccucgaag 

10   uccucgaagu 

11   uccucgaaguu 

12   uccucgaaguuc 

13   uccucgaaguuc 

14   uccucgaaguucau 

15   uccucgaaguucauc 

17   uccucgaaguucaucac 

6 uccuc-aaguucaucac 

7 uccucg-aguucaucac 

8 uccucga-guucaucac 

9 uccucgaa-uucaucac 

10 uccucgaag-ucaucac 
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11 uccucgaagu-caucac 

12 uccucgaaguu-aucac 

13 uccucgaaguuc-ucac 

14 uccucgaaguuca-cac 

15 uccucgaaguucau-ac 

16 uccucgaaguucuac-c 

17 uccucgaaguucauca- 

6+7+8 uccuc---guucaucac 

7+8+9 uccucg---uucaucac 

8+9+10 uccucga---ucaucac 

9+10+11 uccucgaa---caucac 

10+11+12 uccucgaag---aucac 

11+12+13 uccucgaagu---ucac 

12+13+14 uccucgaaguu---cac 

13+14+15 uccucgaaguuc---ac 

14+15+16 uccucgaaguuca---c 

15+16+17 uccucgaaguucau--- 

20   uccucgaaguucaucacgcg 

6 uccuc-aaguucaucacgcg 

7 uccucg-aguucaucacgcg 

8 uccucga-guucaucacgcg 

9 uccucgaa-uucaucacgcg 

10 uccucgaag-ucaucacgcg 

11 uccucgaagu-caucacgcg 

12 uccucgaaguu-aucacgcg 

13 uccucgaaguuc-ucacgcg 

14 uccucgaaguuca-cacgcg 
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15 uccucgaaguucau-acgcg 

16 uccucgaaguucuac-cgcg 

17 uccucgaaguucauca-gcg 

6+7 uccuc--aguucaucacgcg 

7+8 uccucg--guucaucacgcg 

9+10 uccucgaa--ucaucacgcg 

10+11 uccucgaag--caucacgcg 

11+12 uccucgaagu--aucacgcg 

12+13 uccucgaaguu--ucacgcg 

13+14 uccucgaaguuc--cacgcg 

14+15 uccucgaaguuca--acgcg 

15+16 uccucgaaguucau--cgcg 

16+17 uccucgaaguucauc--gcg 

6+7+8 uccuc---guucaucacgcg 

7+8+9 uccucg---uucaucacgcg 

8+9+10 uccucga---ucaucacgcg 

9+10+11 uccucgaa---caucacgcg 

10+11+12 uccucgaag---aucacgcg 

11+12+13 uccucgaagu---ucacgcg 

12+13+14 uccucgaaguu---cacgcg 

13+14+15 uccucgaaguuc---acgcg 

14+15+16 uccucgaaguuca---cgcg 

15+16+17 uccucgaaguucau---gcg 

16+17+18 uccucgaaguucauc---cg 

6+7+8+9 uccuc----uucaucacgcg 

7+8+9+10 uccucg----ucaucacgcg 

8+9+10+11 uccucga----caucacgcg 
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9+10+11+12 uccucgaa----aucacgcg 

10+11+12+13 uccucgaag----ucacgcg 

11+12+13+14 uccucgaagu----cacgcg 

12+13+14+15 uccucgaaguu----acgcg 

13+14+15+16 uccucgaaguuc----cgcg 

14+15+16+17 uccucgaaguuca----gcg 

mScarlet 

target 2 

7   aguucau 38 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g
u
cc

u
cg

a
 

g
g
ag

cg
cg

u
g

au
g
aa

cu
u
cg

 

8   aguucauc 

9   aguucauca 

10   aguucaucac 

11   aguucaucacg 

12   aguucaucacgc 

13   aguucaucacgcg 

14   aguucaucacgcgc 

15   aguucaucacgcgcu 

17   aguucaucacgcgcucc 

6 aguuc-ucacgcgcucc 

7 aguuca-cacgcgcucc 

8 aguucau-acgcgcucc 

9 aguucauc-cgcgcucc 

10 aguucauca-gcgcucc 

11 aguucaucac-cgcucc 

12 aguucaucacg-gcucc 

13 aguucaucacgc-cucc 

14 aguucaucacgcg-ucc 

15 aguucaucacgcgc-cc 

16 aguucaucacgcgcu-c 
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17 aguucaucacgcgcuc- 

6+7+8 aguuc---acgcgcucc 

7+8+9 aguuca---cgcgcucc 

8+9+10 aguucau---gcgcucc 

9+10+11 aguucauc---cgcucc 

10+11+12 aguucauca---gcucc 

11+12+13 aguucaucac---cucc 

12+13+14 aguucaucacg---ucc 

13+14+15 aguucaucacgc---cc 

14+15+16 aguucaucacgcg---c 

15+16+17 aguucaucacgcgc--- 

20 - aguucaucacgcgcucccac 

6 aguuc-ucacgcgcucccac 

7 aguuca-cacgcgcucccac 

8 aguucau-acgcgcucccac 

9 aguucauc-cgcgcucccac 

10 aguucauca-gcgcucccac 

11 aguucaucac-cgcucccac 

12 aguucaucacg-gcucccac 

13 aguucaucacgc-cucccac 

14 aguucaucacgcg-ucccac 

15 aguucaucacgcgc-cccac 

16 aguucaucacgcgcu-ccac 

17 aguucaucacgcgcuc-cac 

6+7 aguuc--cacgcgcucccac 

7+8 aguuca--acgcgcucccac 

8+9 aguucau--cgcgcucccac 
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9+10 aguucauc--gcgcucccac 

10+11 aguucauca--cgcucccac 

11+12 aguucaucac--gcucccac 

12+13 aguucaucacg--cucccac 

13+14 aguucaucacgc--ucccac 

14+15 aguucaucacgcg--cccac 

15+16 aguucaucacgcgc--ccac 

16+17 aguucaucacgcgcu--cac 

6+7+8 aguuc---acgcgcucccac 

7+8+9 aguuca---cgcgcucccac 

8+9+10 aguucau---gcgcucccac 

9+10+11 aguucauc---cgcucccac 

10+11+12 aguucauca---gcucccac 

11+12+13 aguucaucac---cucccac 

12+13+14 aguucaucacg---ucccac 

13+14+15 aguucaucacgc---cccac 

14+15+16 aguucaucacgcg---ccac 

15+16+17 aguucaucacgcgc---cac 

6+7+8+9 aguuc----cgcgcucccac 

7+8+9+10 aguuca----gcgcucccac 

8+9+10+11 aguucau----cgcucccac 

9+10+11+12 aguucauc----gcucccac 

10+11+12+13 aguucauca----cucccac 

11+12+13+14 aguucaucac----ucccac 

12+13+14+15 aguucaucacg----cccac 

13+14+15+16 aguucaucacgc----ccac 

14+15+16+17 aguucaucacgcg----cac 
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Combined modfications 

 

 

Target 

name  

PBS 

lengt

h 

RTT 

lengt

h 

Deletio

n 

positio

n 

Misma

tch 

positio

n  

Origin

al base 

Mismatc

hing 

base 

Mismatc

hing 

base pair 

Spacer 

sequence (5'-3') 

PBS sequence 

(5'-3') 

RTT 

sequen

ce (5'-

3') 

2nd 

nick 

seque

nce 

(5'-3') 

mScarlet 

target 1 

10 31           gugaugaacuucga

ggacgg 

uccucgaagu 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g

 

g
g
ac

ca
ac

ac
au

au
u
u
aa

ag
 

12         
 

gugaugaacuucga

ggacgg 

uccucgaaguuc 

20         
 

gugaugaacuucga

ggacgg 

uccucgaaguucau

cacgcg 

13       
 

gugaugaacuucga

ggacgg 

uccucgaaguuc-

ucacgcg 

13 12 C U G-U gugaugaaUuucg

aggacgg 

uccucgaaguuc-

ucacgcg 

13 13 A C U-C gugaugaCcuucg

aggacgg 

uccucgaaguuc-

ucacgcg 

13 15 G U C-U gugauUaacuucg

aggacgg 

uccucgaaguuc-

ucacgcg 

13 18 G U C-U guUaugaacuucg

aggacgg 

uccucgaaguuc-

ucacgcg 

13 20 G U C-A Uugaugaacuucg

aggacgg 

uccucgaaguuc-

ucacgcg 

13+14       
 

gugaugaacuucga

ggacgg 

uccucgaaguuc--

cacgcg 
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13+14 12 C U G-U gugaugaaUuucg

aggacgg 

uccucgaaguuc--

cacgcg 

13+14 13 A C U-C gugaugaCcuucg

aggacgg 

uccucgaaguuc--

cacgcg 

mScarlet 

target 2 

12 38           ggagcgcgugauga

acuucg 

aguucaucacgc 

ac
u
u
ac

cu
g
cg

u
ca

cg
g
u
ca

cg
g
cg

cc
g

cc
g
u
cc

u
cg

a
 

13         
 

ggagcgcgugauga

acuucg 

aguucaucacgcg 

20         
 

ggagcgcgugauga

acuucg 

aguucaucacgcgc

ucccac 

13       
 

ggagcgcgugauga

acuucg 

aguucaucacgc-

cucccac 

13 13 G U C-U ggagcgcUugaug

aacuucg 

aguucaucacgc-

cucccac 

13 14 C U G-U ggagcgUgugaug

aacuucg 

aguucaucacgc-

cucccac 

13 15 G U C-U ggagcUcgugaug

aacuucg 

aguucaucacgc-

cucccac 

13 18 A C U-C ggCgcgcgugaug

aacuucg 

aguucaucacgc-

cucccac 

13 20 G U C-U Ugagcgcgugaug

aacuucg 

aguucaucacgc-

cucccac 

13+14       
 

ggagcgcgugauga

acuucg 

aguucaucacgc--

ucccac 

13+14 12 U C A-C ggagcgcgCgaug

aacuucg 

aguucaucacgc--

ucccac 

13+14 18 A C U-C ggCgcgcgugaug

aacuucg 

aguucaucacgc--

ucccac 
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Targ

et 

nam

e  

Inten

ded 

edit  

PB

S 

len

gth 

RT

T 

len

gth 

Delet

ion 

posit

ion 

Mism

atch 

positi

on  

Orig

inal 

base 

Mismat

ching 

base 

Mismat

ching 

base 

pair 

Spacer 

sequence (5'-

3') 

PBS 

sequence 

(5'-3') 

RTT 

sequence 

(5'-3') 

2nd nick 

sequence (5'-

3') 

DN

MT 

3-5 

AGG 

del 

13 12 
     

gauuccuggugcc

agaaaca 

uucuggcac

cagg 

ucccgucaccg

u 

gcccuucagcuaa

aauaaagg 

20 13 13 G A A-C gauuccuAgugc

cagaaaca 

uucuggcac

cag-

aaucccc 

EM

X1 

5 G 

to T 

15 13 
     

gaguccgagcaga

agaagaa 

uucuucugc

ucggac 

augggagcacu

uc 

gacaucgauguc

cuccccau 

20 13 13 A G U-G gaguccgGgcag

aagaagaa 

uucuucugc

ucg-

acucagg 

FAN

CF 

5 G 

to T 

8 17 
     

ggaaucccuucug

cagcacc 

gcugcaga ggaaaagcgau

caaggu 

ggggucccaggu

gcugacgu 

20 13 18 A G U-G ggGaucccuucu

gcagcacc 

gcugcagaa

ggg-

uuccaug 

HBB 4 A to 

T 

13 14 
     

gcauggugcaccu

gacuccug 

gagucaggu

gcac 

agacuucucca

cag 

gccuugauaccaa

ccugccca 

20 13 13 C U G-U gcauggugUacc

ugacuccug 

gagucaggu

gca-

cauggug 

HEK

4 

2 G 

to T 

8 10 
     

ggcacugcggcug

gaggugg 

ccuccagc uuaaccccaa gucccuuccuuc

cacccagcc 

20 13 15 U G A-G ggcacGgcggcu

ggaggugg 

ccuccagcc

gca-

ugccacc 
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HEX

A 

1 

TAT

C 

12 18 
     

guaccugaaccgu

auauccua 

gauauacgg

uuc 

agucagggcca

uaggaua 

gcuuucaccuuc

aaaugcca 

20 13 13 A G U-G guaccugaGccg

uauauccua 

gauauacgg

uuc-

gguacca 

PRN

P 

6 G 

to T 

12 12 
     

gcaguggugggg

ggccuugg 

aggcccccc

acc 

auguagacgcc

a 

gcauguuuucac

gauaguaa 

20 13 15 G U C-U gcaguUgugggg

ggccuugg 

aggcccccc

acc-

cugcccc 

RU

NX1 

6 G 

to C 

15 15 
     

gcauuuucaggag

gaagcga 

cuuccuccu

gaaaau 

ugucugaaggc

aucg 

augaagcacugu

ggguacga 

20 13 13 C U G-U gcauuuuUagga

ggaagcga 

cuuccuccu

gaaa-

ugcacc 

HEK

3 

1 

CTT 

ins 

13 13 
     

ggcccagacugag

cacguga 

cgugcucag

ucug 

ucugccaucaa

ag 

gucaaccaguauc

ccggugc 

20 13 15 A G U-G ggcccGgacuga

gcacguga 

cgugcucag

ucug-

gcccca 

RNF

2 

1 C 

to A 

15 14 
     

gucaucuuaguca

uuaccug 

guaaugacu

aagaug 

aacgaacaccu

cau 

gucaaccauuaag

caaaacau 

20 13 13 U C A-C gucaucuCaguca

uuaccug 

guaaugacu

aag-

ugacugc 
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SPELL pegRNA 

Targe

t 

name 

Inten

ded 

edit 

PBS 

leng

th 

Deletio

n 

positio

n 

PBS sequence 

(5'-3') 

RT

T 

leng

th 

RTT sequence (5'-3') spacer sequence 

(5'-3') 

2nd nick 

sequence (5'-3') 

CYP1

A1-

T1 

7 A to 

G 

13 
 

CAGUGCCAG

GUGC 

16 GCUGGCUCACCCUUGA ACCCGCACCU

GGCACUGUCA 

GGGCCUGCCG

GAUGGUGUCC 

20 13 CAGUGCCAG

GUG-

GGGUUCU 

CYP1

A2-

T4 

8 A to 

G 

13 
 

CACCAUCCGG

CAG 

38 AUUGGCUCCAUGCCCGUGC

UGGUGCUGAGCCGCCUGGA 

GGGCCUGCCG

GAUGGUGUCC 

ACCCGCACCUG

GCACUGUCA 

20 13 CACCAUCCGG

CA-GCCCUGG 

CYP2

B6-

T2 

9 A to 

G 

13 
 

AGGGCCCCGC

CCU 

19 CCCAUGGCCGCCUCCCACC GCAGAGGGCG

GGGCCCUGGU 

GCCUACUCAA

AUCCUUUCUG 

20 13 AGGGCCCCGC

CC-CUGCCCC 

CYP2

B6-

T3 

10 A 

to G 

13 
 

GGGCCCCGCC

CUC 

30 CACCCUAACUCCCAUGACC

GCCUCCCACCA 

GGCAGAGGGC

GGGGCCCUGG 

GCCUACUCAA

AUCCUUUCUG 

20 13 GGGCCCCGCC

CU-UGCCCCU 

CYP2

B6-

T4 

11 A 

to G 

13 
 

CCCCGCCCUC

UGC 

23 CCCAUGGCCGCCUCCCACC

AGGG 

AGGGGCAGAG

GGCGGGGCCC 

20 13 CCCCGCCCUC

UG-CCCUUUU 

RYR2

-T2 

12 A 

to G 

14 
 

GUGGAUAGU

GUCAU 

20 GUCAUGAUCGUGUUCCCCA

U 

AAGAUGACAC

UAUCCACAUG 

GUUUAUUACA

UAUCUCUCCG 
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20 13 GUGGAUAGU

GUC-

UCUUCCU 

KRT1

2-T2 

13 A 

to G 

13 
 

UGGAUAAGG

UGCG 

25 CUUAAUGAUACAUUAGCUU

CCUACC 

AGCUCGCACC

UUAUCCAGGU 

AUCCACUGAU

UGAAGACCUC 

20 13 UGGAUAAGG

UGC-

AGCUCUA 

GBA

1 

7 A 

toG 

13 
 

GUACCAUGU

GGUC 

18 CUUACCCUAGAGCCUCCU AGCCGACCAC

AUGGUACAGG 

ACCCUUACCUA

CACUCUCUG 

20 13 GUACCAUGU

GGU-

GGCUGGA 

LRR

K2 

5 G 

to A 

14 
 

UCAGCAAUC

UUUGC 

13 AGCAAUGCUGUAG AUUGCAAAGA

UUGCUGACUA 

GACAGACCUG

AUCACCUACC 

20 13 UCAGCAAUC

UUU-

CAAUGAU 

CDK

L5 

1 G 

to A 

12 
 

UCCUCUAGG

AGU 

20 AUAUUGACACAAUUCCCCA

A 

GAGGGACUCC

UAGAGGACUG 

GCAGAACCGCC

ACUCAUUCA 

20 13 UCCUCUAGG

AGUCCUCCU

A 

CTN

NB1 

6 C to 

A 

12 
 

UCCAGGUAA

GAC 

23 UGGCACCAGAAUGGAUUAC

AGAG 

GCAACAGUCU

UACCUGGACU

C 

GCCACUCAUAC

AGGACUUGGG 

20 13 UCCAGGUAA

GACGUUGCU

G 

CXC

R4 

5 G 

to C 

12 
 

UGACUUGUG

GGU 

18 UGACCGCUUCUACGCCAA 
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20 13 UGACUUGUG

GGUGUUGUG

U 

GCAACCACCC

ACAAGUCAUU

G 

GCAUCUUUGC

CAACGUCAGU

G 

IL2R

B 

5 G 

to C 

12 
 

CUUUGAAAG

ACA 

17 UCCCAAGCCUCCGACUA GCCAGGUGUC

UUUCAAAGUA

G 

GCUCCCUCCAA

GUUGUCCACG 

20 13 CUUUGAAAG

ACACUGGAG

U 

HBG 6 G 

to A 

12 
 

GCCUUGACA

AGG 

24 UGGCCAGCCUUGCCUUGAU

CAAUA 

GUUUGCCUUG

UCAAGGCUAU 

GCCUGGCUAA

ACUCCACCCAU 

20 13 GCCUUGACA

AGGAAACUU

G 

COL7

A1-

T1 

5-7 

ACC 

to 

tAA 

12 
 

AGCAAUUCU

GCC 

30 AGGCUGUGAGCGGGACAGC

UCGGUAAAGUG 

AGGCUGGCAG

AAUUGCUCAC 

GUGUGCGGCU

GCGGGGUCUC 

20 13 AGCAAUUCU

GCCGCCUCUG 

COL7

A1-

T2 

14-15 

AC to 

tG 

12 
 

AUAGUGGGC

GUA 

30 CCUGAGGCAUCUGUCUGAC

AGACGCCAGGU 

GCCCACUACG

CCCACUAUAC

C 

GCAAGCUCCCA

GCGGGUGACA 

20 13 AUAGUGGGC

GUAUGGGAA

G 

CAC

NA1

C-T1 

3-5 

ACG 

to 

tAA 

12 
 

CUGGCAGGC

CCA 

30 ACAGGGCCAGCAGGGCCUU

GUUUGCUUAGU 

GUCUCCUGGG

CCUGCCAGAC

A 

GGCCCAGGCU

GUACAUCUUC 

20 13 CUGGCAGGC

CCAGAGAGG

G 

9 C to 

A 

12 
 

AGCCAACAG

GAG 

30 CAGGUUGCUCAAGGAGUUC

CAUUACCUGAG 

GCCUCCCUCCU

GUUGGCUCUC 
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CAC

NA1

C-T2 

20 13 AGCCAACAG

GAGGAGGUC

A 

GUGAUGAAGA

GGAAGAGGAG

A 
 

Off-target analysis 

Targ

et 

nam

e 

Target sequence (5'-

3') 

Inten

ded 

edit 

PBS 

leng

th 

Delet

ion 

positi

on 

PBS sequence 

(5'-3') 

RTT 

leng

th 

RTT 

sequence (5'-

3') 

spacer sequence 

(5'-3') 

2nd nick 

sequence (5'-3') 

HEK

4 

CCACCTCCAGCCGC

AGTGCC 

2 G to 

T 

8   ccuccagc 10 uuaaccccaa ggcacugcggcugg

aggugg 

gucccuuccuuccac

ccagcc 20 13 ccuccagccgcau

gccacc 

HEK

4-

OT1 

CCTCCTCCGGCCGC

AGTGCA 

8   ccuccagc 

20 13 ccuccagccgcau

gccacc 

HEK

4-

OT2 

CCCCCTCCAGCCGC

AGAGCC 

8   ccuccagc 

20 13 ccuccagccgcau

gccacc 

HEK

4-

OT3 

CCACCTCCAGCCGT

CGTGCC 

8   ccuccagc 

20 13 ccuccagccgcau

gccacc 

HEK

4-

OT4 

GGCATCACGGCTGG

AGGTGG 

8   ccuccagc 

20 13 ccuccagccgcau

gccacc 

HBB CAGGAGTCAGgTGC

ACCATG 

4 A to 

T 

13   gagucaggugca

c 

14 agacuucuccac

ag 

gcauggugcaccug

acuccug 

gccuugauaccaacc

ugccca 
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20 13 gagucaggugca

-cauggug 

HBB

-OT 

CAGGAGTCAGATG

CACCATG 

13   gagucaggugca

c 

20 13 gagucaggugca

-cauggug 
 


