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Abstract— Prime editing is a highly promising strategy for treating hereditary disorders due to its superior 

efficiency and safety profile compared to the conventional CRISPR-Cas9 systems. This study is dedicated to 

development of a causal therapy for cystic fibrosis by targeting the F508del variant of the CFTR gene using 

prime editing, as this specific deletion accounts for a substantial proportion of cystic fibrosis cases. While 

prime editing has shown remarkable precision in introducing targeted genetic modifications, its application 

in AT-rich genomic regions, such as the one containing the F508del variant, remains challenging. To over-

come this limitation, we systematically evaluated 24 pegRNAs designed for two distinct prime editing sys-

tems, PEmax and PE2-NG. Efficiency of the F508del variant correction reached 2.81% (without normalization 

for transfection efficiency) in the airway basal cells from the patients with homozygous F508del mutation. 

However, the average transfection efficiency was only 11.9%, emphasizing critical need for the advancements 

in delivery methodologies. These findings highlight potential of prime editing as an approach for treating 

cystic fibrosis, while also underscoring necessity for further optimization of both editing constructs and de-

livery vectors to achieve clinically relevant correction levels. 
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INTRODUCTION

Genome editing methods have been often used 

recently for the development of gene therapy tech-

niques, which allow introducing targeted changes 

to the genome such as correcting genetic variants 

and gene knockouts. At present the system based on 

the clustered regularly interspaced short palindrom-

ic repeats, CRISPR, associated with the Cas9 protein 

(CRISPR/Cas9 system) has been used most often [1], 

because, unlike its progenitors (transcription activa-

tor-like effector nucleases (TALEN), zinc finger nucle-

ases (ZFN) [2], and meganucleases [3]) it is easy to 

use and optimize for the research needs, it is suffi-

ciently effective and simple. In the course of editing 

with the standard CRISPR/Cas9 method, a single guide 

RNA (sgRNA) that forms a ribonucleoprotein complex 

with the Cas9 nuclease binds to the DNA molecule 

at the editing locus via complementary base pairing, 

and next Cas9 introduces a double-strand break to 

the DNA molecule at a precise location of 3 nucleo-

tides  (nt) from the protospacer adjacent motif (PAM), 

which is followed by the repair according to one of 

the main mechanisms. The first mechanism – non-ho-

mologous end joining (NHEJ)  – is a more mutagenic 

one, as it could result in undesirable insertion and 

deletions of nucleotides in the process of DNA repair, 

and also could be the cause of chromosome rearrange-

ments. The second mechanism – homology-directed re-

pair (HDR) – allows introducing specific changes to the 

genome. In order to activate this mechanism introduc-

tion of an additional molecular template (donor DNA 

molecule) carrying desired changes is required. How-

ever, even in the case of presence of such molecule, 
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NHEJ is the predominant repair pathway. Low effi-

ciency of HDR and high percent of undesirable chang-

es do not allow using CRISPR/Cas9 for gene therapy 

involving directed correction of pathological variants. 

Moreover, CRISPR/Cas9 could exhibit non-target activ-

ity, which results in formation of double strand DNA 

breaks outside of the editing locus. Such undesirable 

effects as chromosome rearrangements and additional 

mutations also limit use of the CRISPR/Cas9 system for 

the gene therapy development [4].

New variants of editing platforms based on mod-

ified CRISPR/Cas9 technology are being developed by 

the researchers to enhance efficiency of editing and to 

avoid double strands brakes in the DNA molecule [5]. 

One of such modification, prime editing (PE), has been 

chosen for this study, which is composed of several 

required components  (Fig.  1):

(i) nCas9  nickase – a mutant form of the wild type 

Cas9 nuclease, it introduces a single-strand break 

to the DNA molecule instead of a double-strand 

one [6];

(ii) MMLV-RT  – Moloney murine leukemia virus 

reverse transcriptase fused with Cas9 nickase 

through a linker;

(iii) prime editing guide RNA (pegRNA).

During prime editing guide RNA (pegRNA) inter-

acts with the DNA molecule at the targeted editing 

site, Cas9 nickase introduces a single-strand break at 

a distance of 3  nt from PAM, one strand is released 

and binds complementary to the primer binding site 

(PBS) in the pegRNA, and next the strand is complet-

ed with the help of reverse transcriptase (RT) based 

on the reverse transcriptase template (RTT) with the 

desired change [5]. HDR and NHEJ repair mechanisms 

are not involved in the mechanism of prime editing, 

and the site of pegRNA serves as a molecular tem-

plate, hence, it could be assumed that the efficiency of 

genomic DNA correction should be higher. Moreover, 

considering that only single-strand DNA break is in-

troduced in the course of PE, safety of this approach 

is potentially higher than in the case of classic variant 

of CRISPR/Cas9.

After the PE discovery various modification of 

the system have been developed to increase efficien-

cy of introduction of changes. The following modifi-

cations have been selected for this study: PE2-NG  – 

second generation of prime editing using nickase 

that recognizes PAM  NG, as well as PEmax  modifica-

tion  – improved PE2 editor with nickase recognizing 

PAM  NGG.

Fig. 1. Ribonucleoprotein complex for prime editing, details in the text.
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pegRNA plays an important role in prime editing, 

because both efficiency and accuracy of the method 

depend on the selected sequence. pegRNA is composed 

from a scaffold, spacer site, PBS, RTT, and protective 

hairpin structure (tevopreQ1) at the 3′-end connected 

to the construct via the linker  (Fig.  1).

The spacer site is bound to the target DNA at the 

editing locus, its optimal length is 20  nt with added 

G nucleotide at the 5′-end [7], and optimal GC-compo-

sition should be in the range from 20 to 80% [8]. The 

PBS fragment is involved in complementary binding 

of the single strand, which is released after introduc-

tion of a single-strand break to the DNA; in the case 

of PBS not binding to the chain, the changes will not 

be introduced. RTT contains the desired change, the 

single-strand DNA is synthesized on its basis.

The 3′-end of pegRNA containing PBS and RTT 

sites is prone to degradation by exonucleases, hence, 

the pegRNA design includes the tevopreQ1 hairpin at 

the 3′-end. The hairpin is connected to the main se-

quence of pegRNA through a linker. When selecting the 

linker sequence, it is important to avoid its potential 

interactions with PBS and spacer site of  pegRNA  [9].

Both length and composition of the pegRNA frag-

ments are important. It could be suggested based on 

the literature data that editing would be successful in 

the case of GC content above 20%. Selection of pegRNA 

for AT-rich regions (GC-content below 40%) is chal-

lenging because at present there are no recommenda-

tion in the literature on selection of pegRNAs for these 

types of loci. This study is devoted to prime editing of 

such region. The pathological genetic variant F508del 

in the gene of cystic fibrosis transmembrane conduc-

tance regulator (CFTR) was selected for this study, 

which is located at the AT-rich region of the genome. 

This variant is associated with cystic fibrosis (CF)  – 

prevalent monogenic autosomal recessive disease; 

average incidence rate in Russia is 1  :  10,250 [10], in 

Europe  – from 1  :  3000 to 1  :  6000 of newborns  [11].

The most common pathogenic variant of the CFTR 

gene in the world is the 3-nucleotide deletion F508del; 

in the European population this mutation was de-

tected in 70% of alleles of the patients of European 

ancestry with CF [12], while in Russia frequency of 

this allele is 51.6% [13]. F508del causes disruption of 

the process of folding of the trans-membrane protein 

transporter of chloride ions CFTR resulting in lack of 

protein transport to apical membrane and its degra-

dation by active proteases. Ion disbalance leads to dis-

ruption of functions of many organs, however, accu-

mulation of thick mucus in the respiratory airways is 

the most serious manifestation of this disorder, which 

facilitates development of bacterial and viral infec-

tions [14] that eventually result in fibrotic changes in 

lungs and respiratory failure causing death of the CF 

patients. Median life expectancy of the patients in Eu-

rope is 51.7  years  [15], and in Russia  – 25  years  [16]. 

At present pathogenetic treatment of this disease has 

been developed, but the therapeutics have serious side 

effects, are not suitable for all patients, and they must 

be taken for life. Hence, development of causal thera-

py for CF is important [17-19].

As has been mentioned above, selection of 

pegRNAs for AT-rich genome regions potentially con-

taining pathogenic variants associated with serious 

diseases for which development of gene therapy is 

vital, such as F508del variant in the CFTR, is especially 

challenging. Furthermore, it is impossible to predict 

most optimal pegRNA in  silico without experimental 

testing. The goal of this study was selection of most 

effective conditions for correction of the F508del vari-

ant in the CFTR gene. The most optimal pegRNAs for 

correction of the F508del mutation have been identi-

fied in the course of ex  vivo experiments.

MATERIALS AND METHODS

Cell culture. Basal cells (BCs) of airway epi-

thelium derived from the induced pluripotent stem 

cells (IPSCs) of the patients with CF with homozygote 

pathogenic variant F508del in the CFTR gene (patients 

P1 and P7) were used in the experiments [20,  21]. All 

participant or their legal representatives provided vol-

untary informed consent to participate in the study, 

which was approved by the ethics committee of the 

Research Centre for Medical Genetics (protocol no.  1, 

January  28, 2016). Protocol for BCs generation has 

been described previously  [22]. Medium for cultiva-

tion of BCs cells consisted of a PneumaCult™-Ex Plus 

Medium (StemCell Technologies, Canada) supplement-

ed with 1  µM A83-01 (Tocris, United Kingdom) and 

1  µM DMH1  (Tocris).

Selection and synthesis of oligonucleotides, 

generation of a plasmid for editing. Twenty-four 

variants of pegRNA were selected for prime editing of 

F508del mutation (Table  S1 in the Online Resourse  1) 

differing in variable sites (Table  1). Selection was car-

ried out with the help of the internet resource PE De-

signer (CRISPR RGEN Tools)  [8]. Sequences of pegRNAs 

included modified 3′-end with the tevopreQ1 site (5′-

CGCGGTTCTATCTAGTTACGCGTTAAACCAACTAGAA-3′) 

for their protection from degradation; the protective 

fragment is connected with each of the pegRNA via a 

unique linker. Linkers for each of 24 pegRNAs were 

selected using the internet resource pegLIT  [9]. Total 

length of pegRNA after modification was more than 

170 nt, while the standard amidophosphite method of 

oligonucleotide sequence synthesis allows error-free 

synthesis of molecules with length no more than 

130  nt, hence, it was decided to divide each plasmid 

insert into two parts for cloning. For each pegRNA 
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2 pairs of oligonucleotides were synthesized (Evrogen, 

Russia), which were complementary to each other for 

further annealing, as well as they contained protrud-

ing ends for ligation both between each other and 

into the plasmid at the restriction sites. To assembly 

plasmids containing pegRNA, the pU6-pegRNA-GG- 

acceptor plasmid was used [a gift from David Liu (Ad-

dgene plasmid #132777; http://n2t.net/addgene:132777; 

RRID:Addgene_132777)]. The plasmid contained the 

gene of red fluorescent protein (mRFP), which was 

deleted via treatment of the plasmid with the restric-

tion endonuclease Bso31  I (Sibenzim, Russia). After 

purification the plasmid backbone was ligated with 

pegRNA using T4-ligase (New England Biolabs, USA); 

prior to that the complementary parts of pegRNA were 

annealed in an Eppendorf 5332 Mastercycler Personal 

PCR Thermal Cycle (Eppendorf, Germany) and treated 

with a T4 polynucleotide kinase (T4 PNK, New England 

Biolabs) (Fig. 2). Presence of mRFP allows selection of 

the clones with successful insertion, because the colo-

nies with initial plasmid were red, while the colonies 

with specific insertion were colorless. The obtained li-

gase mixture was used for transformation Escherichia 

coli using a standard protocol. Testing of colonies for 

successful insertion of pegRNA was carried out us-

ing PCR (primers: saCas9-sgRNA-seq-F  – 5′-TGGACTA

TCATATGCTTACCG-3′; mRFP.R  – 5′-GTACCTCGAGCGGC

CCA-3′). PCR results were confirmed using agarose gel 

electrophoresis. After confirming correct length of the 

fragment, samples were subjected to Sanger sequenc-

ing using the same primers to verify sequence of the 

insertion.

Selection of modifications for prime editing. At 

present several platforms have been developed for PE. 

The PEmax platform (pCCF-PEmax plasmid was a kind 

gift from David Liu (Addgene plasmid #174820; http://

n2t.net/addgene:174820; RRID:Addgene_174820)  [23] 

and the PE2-NG platform (pCCF-PE2-NG plasmid 

was a kind gift from Yongsub Kim (Addgene plas-

mid #159977; http://n2t.net/addgene:159977; RRID:

Addgene_159977)  [18] were selected for editing the 

F508del variant of the CFTR gene. The PE2 system, 

unlike the original  PE1, contains several mutations 

in the M-MLV  RT for increasing efficiency, and the 

PE2-NG contains Cas9 recognizing PAM  NG  [24]. The 

PEmax system has been developed based on PE2, this 

variant includes NLS sequences, additional mutations 

in the SpCas9 nickase, and codon-optimized reverse 

transcriptase. For screening 24 pegRNA were selected: 

15  – for PEmax and 9  – for PE2-NG.

Electroporation of airway BCs. Electroporation 

of two lines of airway BCs homozygous for the F508del 

variants of the CFTR gene derived from the patients 

P1 and P7 was carried out using a Neon™ Transfec-

tion System (Thermo Fisher Scientific, USA). For this 

purpose, BCs were detached from a polymer surface 

using a Versene solution (PanEko, Russia), cells were 

counted using an automatic cell counter Countess  II 

(Thermo Fisher Scientific) and centrifuged at 150g for 

5 min. Cell deposit was resuspended in an Opti-MEM™ 

medium (Gibco™, USA) to concentration 0.5×106  cells 

per 100  µl. Plasmids were added to cell suspension 

at the amount 400  ng per 0.5×106  cells: 200  ng of the 

plasmid with editor and 200  ng of the plasmid with 

pegRNA. The following controls were used: plasmid 

encoding PEmax without pegRNA (400  ng per well); 

mix plasmid encoding PEmax with non-target pegRNA 

(totally 400  ng per well); plasmid encoding PE2-NG 

without pegRNA (400  ng per well); non-transfected 

control. Electroporation of the suspension of BCs and 

plasmid was carried out in a 10-µl volume with two 

20-ms pulses at voltage 1290 CF. Next cells were placed 

Fig. 2. Scheme of plasmid assembly with pegRNA.
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Table 1. Variable regions of pegRNA for prime editing

No.
Spacer site  – site hybridizing 

with DNA molecule (5′  →  3′)

RTT – reverse transcription 

template (5′  →  3′)

PBS – primer 

binding site (5′  →  3′)

Linker sequence for 

tevopreQ1 (5′  →  3′)

#1 ACCATTAAAGAAAATATCAT ACCAAAGATG ATATTTTCTTTA TACCAACT

#2 ACCATTAAAGAAAATATCAT ACACCAAAGATG ATATTTTCTTTA CTAACTTT

#3 ACCATTAAAGAAAATATCAT AACACCAAAGATG ATATTTTCTTTA CCCACCGA

#4 ACCATTAAAGAAAATATCAT GAAACACCAAAGATG ATATTTTCTTTA CCACCCAC

#5 ACCATTAAAGAAAATATCAT AGGAAACACCAAAGATG ATATTTTCTTTA CACATACG

#6 ACCATTAAAGAAAATATCAT ACCAAAGATG ATATTTTCTTTAA CTACAACA

#7 ACCATTAAAGAAAATATCAT CACCAAAGATG ATATTTTCTTTAA CTACCCAG

#8 ACCATTAAAGAAAATATCAT AACACCAAAGATG ATATTTTCTTTAA ACCCTATT

#9 ACCATTAAAGAAAATATCAT GAAACACCAAAGATG ATATTTTCTTTAA CCCAACGC

#10 ACCATTAAAGAAAATATCAT AGGAAACACCAAAGATG ATATTTTCTTTAA CATAAGCA

#11 ACCATTAAAGAAAATATCAT ACCAAAGATG ATATTTTCTTTAAT ACTAATAG

#12 ACCATTAAAGAAAATATCAT CACCAAAGATG ATATTTTCTTTAAT ACTAATAG

#13 ACCATTAAAGAAAATATCAT AACACCAAAGATG ATATTTTCTTTAAT ACTAATAG

#14 ACCATTAAAGAAAATATCAT GAAACACCAAAGATG ATATTTTCTTTAAT TATACCAA

#15 ACCATTAAAGAAAATATCAT AGGAAACACCAAAGATG ATATTTTCTTTAAT ACTAACAG

#16 ATTATGCCTGGCACCATTAA AAAGATGATATTTTCTTTA ATGGTGCCAGGCAT AGAATAGT

#17 CCATTAAAGAAAATATCATT GGAAACACCAAAGAT GATATTTTCTTT CTACCAAG

#18 CCATTAAAGAAAATATCATT GGAAACACCAAAGAT GATATTTTCTTTA CTCAAACA

#19 CCATTAAAGAAAATATCATT GGAAACACCAAAGAT GATATTTTCTTTAA CCAATAAC

#20 TTCATCATAGGAAACACCAA ATCATCTTTG GTGTTTCCTATG ATCGTAAT

#21 TTCATCATAGGAAACACCAA TATCATCTTTG GTGTTTCCTATG TATAATTA

#22 TTCATCATAGGAAACACCAA AATATCATCTTTG GTGTTTCCTATG TCTCAGTC

#23 TTCATCATAGGAAACACCAA AAAATATCATCTTTG GTGTTTCCTATG CTCCTTCC

#24 TTCATCATAGGAAACACCAA AGAAAATATCATCTTTG GTGTTTCCTATG CCTTTAAT

onto a polymer surface in a medium for BCs. Effi-

ciency of transfection was evaluated indirectly based 

on the number of GFP+-cells transfected with an eGFP 

(AAT-PB-CG2APtk F508del) plasmid with the size of 

10,067  bp in a separate well using a CytoFLEX  S flow 

cytometer (Beckman Coulter, USA) 72  h after elec-

troporation. Indirect evaluation is required, because 

there was no possibility to add reporter gene into the 

plasmid with editor due to its size, because increase 

of the plasmid size could significantly reduce efficien-

cy of both transfection and editing.

Lipofection of airway BCs. Lipofection of two 

lines of BCs, P1 and P7, was carried out with the help 

of a commercial Lipofectamine LTX kit (Thermo Fisher 
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Fig.  3. Scheme of experiments for screening of 24 pegRNAs in airway BCs from two patients with homozygous F508del 
variant of the CFTR gene.

Scientific). One day prior to lipofection BCs were pas-

saged into 24-well plates (SPL Lifesciences, Korea) at 

the amount of 40×103 cells per well in the medium 

for  BC. Transfection conditions: 2.5  µl of a Lipofect-

amine LTX and 700  ng plasmid DNA (570  ng of the 

plasmid with editor and 130  ng of the plasmid with 

pegRNA) were added to a well (40×103 cells). Efficien-

cy of transfection was evaluated as described above.

Evaluation of editing efficiency. DNA for am-

plification and deep targeted sequencing of the CFTR 

fragment with NGS (next-generation sequencing) 

was isolated using phenol-chloroform extraction 

technique according to the standard protocol fol-

lowed by amplification (primers: 5F – 5′-TGGAGCC

TTCAGAGGGTAAAAT-3′ and 8R – 5′-TGGCATGCTTTGA

TGACGCT-3′). Next the obtained amplicons were 

subjected to deep targeted sequencing at the Center 

for Collective Use “Genome” at the Research Cen-

tre for Medical Genetics. Deep targeted sequencing 

was carried out with a new-generation sequencer 

NextSeq500 (Illumina, USA) using pair-end sequenc-

ing reads method (2×150  bp). A library preparation 

kit for amplicon sample SG  GM Ampli (Raissol, Rus-

sia) was used for library generation according to the 

manufacturer’s protocol. Number of cycles for final 

amplification was reduced to  4. Primers for library 

preparation with Illumina platform were used for 

dual indexing. Concentration of the produced libraries 

was measured with the help of a Qubit 2.0 fluorimeter 

(Invitrogen, USA) using a Qubit dsDNA HS Assay kit 

(Invitrogen). Processing of sequencing data was car-

ried out with the NGSdata program developed in the 

department of Bioinformatics of the Research Centre 

for Medical Genetics (registration no.  2021662113). 

The obtained results were analyzed with the help 

of CRISPResso2 program [25].

Statistical data processing. Dunn's test was used 

for statistical processing of the data using the Graph-

Pad Prism program. Differences with negative control 

were considered significant at p  <  0.05.

RESULTS

Screening of 24 variants of prime editing of air-

way BC. In order to correct pathogenic variant F508del 

in the CFTR gene the PE method was chosen, which 

is a genome editing method that allows introducing 

a broad range of changes into the DNA molecule not 

involving generation of a double-strand DNA break. 

The desired correction suggests introduction of a 3-nu-

cleotide insertion at the site of deletion. F508del is lo-

cated in the AT-rich locus, which complicates selection 

of pegRNA for prime editing. Screening of 24 pegRNAs 

differing in composition of spacer sequences, PBS, and 

RTT, as well as in lengths of PBS and RTT was car-

ried out to select most efficient sequences. From those, 

15 pegRNAs were designed for PEmax, which is a PE 

variant containing Cas9 nickase recognizing PAM NGG, 

and 9  – for PE2-NG, which involves Cas9 nickase rec-

ognizing PAM  NG. Experiments were performed with 

airway BCs derived from two patients with homozy-

gous F508del variant of the CFTR  gene – P1 and  P7. 

Plasmids with the editor and pegRNA were co-trans-

fected using electroporation, 72  h after transfection 

DNA was isolated, targeted region was amplified, and 

deep targeted sequencing was performed (Fig.  3). The 

sequencing data were analyzed with the help of on-

line resource CRISPResso2, and statistical analysis was 

performed using the GraphPad  Prism9 program.

First, the initial screening was carried out – two 

experiments with airway BCs from two patients using 
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Fig. 4. Efficiency of correction of the pathogenic variant after prime editing using 24 pegRNAs in the airway BCs from 
two patients with homozygous F508del variant of the CFTR gene. Genetic constructs were delivered with electroporation. 
Average efficiency of correction of the pathogenic variant in two experiment is shown in the plot. Error bars for Y-axis 
represent standard error of the mean; C, non-transfected control.

all 24 variants of pegRNA. The results of NGS re-

vealed that the pegRNA1 and pegRNA5 are potentially 

most effective for PEmax, and pegRNA17, pegRNA19, 

pegRNA20, pegRNA21, and pegRNA22 – for PE2-NG: 

average efficiency of editing in two experiments was 

from 2.4 to 6.1% without accounting for transfec-

tion efficiency (Fig.  3), which was 25.4% on average. 

Fractions of the alleles with the desired CTT inser-

tion to the region of the F508del in the CFTR gene 

are presented in Fig.  4; in the process this insertion 

could be accompanied with introduction of additional 

non-target changes in the same allele. It could be seen 

from the data presented in Fig.  4 that there is high 

variability of editing in the case of electroporation, 

which, likely, could be explained by high variability of 

plasmid delivery with the help of this method.

Testing of most effective variants of pegRNAs. 

Further experiments were carried out using pegRNAs 

shown to be most effective in the screening experi-

ments. Two biological and three technical replicates 

were performed in the experiment with the BCs from 

the patients P1 and P7. Plasmids with the editor and 

pegRNA were co-transfected using lipofection tech-

nique. In the case of PE2-NG the highest efficiency 

of correcting pathogenic variant was observed for 

pegRNA19, pegRNA20, pegRNA21, and pegRNA22; it 

was on average 2.50% (p  =  0.03), 2.81% (p  =  0.0005), 

2.06% (p  =  0.01), and 1.79% (p  =  0.03), respectively. 

All pegRNAs selected for the PEmax platform did not 

demonstrate high efficiency, and differences between 

the efficiencies of correction of the F508del variant in 

the CFTR gene in the test sample and in the control 

were not statistically significant (p  >  0.05). The differ-

ences between the correction efficiency of this variant 

for each pegRNA with other pegRNAs were statistical-

ly insignificant (p  >  0.05) (Fig.  5). The data are shown 

without adjustment for the transfection efficiency, on 

average it was 11.9%.

Evaluation of undesirable changes in the edit-

ing locus. All undesirable changes in the 20-nt win-

dow around the editing locus were assessed in the 

experiment, sequences of 10-nt before and after the 

Fig. 5. Efficiency of correction of the pathogenic variant us-
ing prime editing in the airway BCs from two patients with 
homozygous F508del variant of the CFTR gene with 7 most 
effective pegRNAs. Average efficiency of editing for each 
pegRNA calculated based on the combined data from two 
biological and three technical replicates of the experiment 
with airway BCs from two patients is shown on the graph. 
Dunn index was used for statistical analysis. Y-axis error 
bars show standard error of the mean; C, non-transfected 
cells; *  p  <  0.05; ***  p  <  0.001.
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Fig.  6. Evaluation of non-target changes in DNA after prime editing in the samples without targeted CTT insertion. The 
analyzed DNA sequence (with F508del variant) is shown and corresponding amino acid sequence (amino acid is shown 
together with its position in the polypeptide chain) as well as site of introduction of single-strand break in the process 
of editing by pegRNA20, -21, and -22. Distribution of single-nucleotide substitutions c.1528G>N, c.1529T>N, c.1531T>N, and 
c.1531delT is shown on the graph, which were introduced during editing using pegRNA20, -21, and -22. Y-axis error bars 
show standard error of the mean.

Fig.  7. Evaluation of non-target changes in DNA after prime editing of the samples with CTT targeted insertion. The ana-
lyzed DNA sequence is shown (without the F508del variant), as well as corresponding amino acid sequence (amino acid is 
shown together with its position in the polypeptide chain) and sites of introduction of single-strand breaks in the process 
of editing by various pegRNAs. Y-axis error bars show standard error of the mean. a)  Introduction of changes into the 
target insertion during edition with the help of pegRNA1, -17, -19, and -20. b) Distribution of single-nucleotide substitutions 
c.1528G>A, c.1529T>S, and c.1531T>C introduced during editing with the help of pegRNA20, -21, and -22.
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single-strand break site were analyzed. In most of 

the cases, frequency and spectrum of the introduced 

changes were the same for the transfected and control 

samples, although some exceptions were observed.

Non-target changes that are absent in the 

non-transfected control were revealed in the samples 

subjected to PE without the target CTT insertion that 

were transfected with pegRNA20, -21, and -22. These 

pegRNAs contain identical spacer sequence and, cor-

respondingly, the same site of single-strand break. 

Among the non-target changes not only synonymous 

substitutions (c.1530T>N) were observed, but also vari-

ants with undefined significance: c.1528G>N observed 

with average frequencies 0.03%, 0.05%, and 0.03%; 

c.1529T>N observed with average frequencies 0.08%, 

0.08%, and 0.08%; c.1531T>N also observed with av-

erage frequencies 0.08%, 0.08%, and 0.08% from to-

tal number of reads in the samples edited with the 

help of pegRNA20, -21, and -22, respectively. In ad-

dition, a single-nucleotide probably pathogenic dele-

tion c.1531delT was observed with mean frequency 

of 0.02% in the samples edited with pegRNA20, and 

0.01% – in the samples edited with pegRNA21 (Fig. 6).

The variants with undefined significance were 

also observed in the samples with successful correc-

tion edited with the help of pegRNA20, pegRNA21, and 

pegRNA22: c.1528G>A with average frequency 0.04% 

for pegRNA20; c.1529T>S with average frequencies 

0.02% and 0.02% for pegRNA20 and -21, respectively; 

c.1531T>C with average frequencies 0.02% and 0,02% 

for pegRNA20 and -22, respectively. The fraction was 

calculated with respect to total number of reads.

The substitutions c.1522T>M in the insert itself 

also were observed in the cases of editing with the 

help of pegRNA1, -17, -19, -20, and -21, their frequen-

cies were on average 0.05%, 0.02%, 0.02%, 0.02%, and 

0.04% of total number of reads, respectively. These 

variants were also of unidentified significance (Fig.  7).

DISCUSSION

The F508del variant of the CFTR gene is located in 

the AT-rich genome region, which complicates its ef-

fective correction with the help of prime editing. That 

is why it was important to identify effective editing 

systems allowing selection of the largest number of 

pegRNAs. The PEmax and PE2-NG systems were se-

lected for the study. Both variants introduce only one 

break to DNA, unlike in the case of more effective PE3 

system involving introduction of two breaks, which 

is accompanied by the significant increase of the fre-

quency of undesired insertions and deletions at the 

editing locus [26, 27]. Moreover, both these variants do 

not use supplementary proteins affecting repair of the 

introduced breaks, hence, they have smaller size (and 

higher efficiency of intracellular delivery) than, for 

example, more effective system PE4  [23]. The PEmax 

editor contains nCas9 recognizing PAM  NGG, which 

limits the possibilities of pegRNA selection. Hence, the 

PE2-NG editor, which demonstrates lower efficiency 

in this system, was also selected [23], however, nCas9 

in this case recognizes PAM  NG, which allows selec-

tion of other pegRNAs with higher GC-content, which 

proved to be very important in this study, because 

these variants demonstrated the highest efficiency.

In all pegRNAs selected for the PEmax editor con-

tent of GC nucleotides in the spacer composition was 

20%, and in the PBS composition  – was below 10%. 

It was possible to select guide RNAs for the PE2-NG 

system with higher GC-content in both spacer and 

PBS fragments. The highest efficiency was observed 

with the pegRNA20 (2.81%), in this case GC content of 

the spacer was 35%, and of the PBS – 42%. We suggest 

that the higher efficiency could be associated with 

the increase of GC content in the variable regions of 

pegRNAs.

Experiments in this study involved two steps. In 

the first step initial screening of the pegRNAs was car-

ried out, which allowed selecting the most effective 

pegRNAs for each editor. In this step transfection was 

performed with the help of electroporation. Howev-

er, the obtained results (efficiency of transfection and 

editing) were not sufficiently reproducible between 

the technical and biological replicates, hence, the fol-

lowing experiments were carried out using lipofection 

as more reproducible technique [28]. As a result, the 

most effective pegRNA for correction of the pathogenic 

F508del variant of the CFTR gene in the AT-rich ge-

nome region was identified. Efficiency of this mutation 

correction with the help of pegRNA20 reached 2.81%. 

Despite the fact that the exact efficiency of transfection 

of the plasmid with the genome editor is unknown, 

based on the indirect data it is predicted to be 11.9%, 

and, thus, it could be expected in this case that the ef-

ficiency of editing under optimal conditions is 23.6% of 

all alleles. Furthermore, it is known from the literature 

data that 6-10% of the CFTR-expressing cells is suffi-

cient for normalization of chlorine ion transport [29], 

hence, we assume that if the efficiency of pegRNA20 

delivery could be increased, this approach could a 

form a basis for the development of CF therapy.

At present, delivery of the prime editing system 

is one of the main limitations of this method. Its low 

efficiency is determined by the large size of the prime 

editor. In particular, the size of plasmid construct of 

the editor is up to 10  kb, as it includes Cas9 nickase 

consisting of approximately 4100  nt, reverse transcrip-

tase with size ~2000  bp, as well as other required se-

quences including regulatory sequences, origin of rep-

lication, and antibiotic resistance cassette [26, 30, 31]. 

In the case of airway BCs, as has been noted by 



VOLODINA et al.782

BIOCHEMISTRY (Moscow) Vol. 90 No. 6 2025

Bulcaen  et  al.  [32], the delivery is even more compli-

cated due to existence of the cell barriers preventing 

penetration of genetic constructs. In the cited study 

prime editing was used for correction of the patho-

genic variants L227R and N1303K in the CFTR gene. 

The authors reported restoration of CFTR function in 

the intestine organoids and in the primary cells of 

nasal epithelium, but there were complications with 

the delivery of this system to the airway cells.

In one of the studies devoted to correction of the 

W1282X mutation in the CFTR gene in the airway BCs 

with the help of PE the authors selected a helper-de-

pendent adenovirus, which demonstrated high effi-

ciency of transduction, however, correction of W1282X 

was only 2.4  ±  0.6%  [33].

In one of the studies the authors demonstrated 

significant results in correction of the F508del variant 

in the CFTR gene. Sousa  et  al. reported [34] that the 

PE6 system in combination with improved pegRNAs, 

additional guide RNAs, and MLH1dn protein demon-

strated efficiency of correction up to 51% in the im-

mortalized airway cells. High efficiency of transfec-

tion with electroporation also has been demonstrated 

in this study. Unfortunately, not all of the used condi-

tions could be used for further development of gene 

therapy for mucoviscidosis. Firstly, high percentage of 

introduced undesirable changes in the editing locus 

was observed  – 13%. Likely this was due to the use 

of additional guide RNA and introduction of one more 

break to the DNA molecule, as well as due to suppres-

sion of the system of repair of noncomplementary nu-

cleotides. Secondly, electroporation is not suitable for 

introduction of genetic constructs in  vivo  [34].

In some studies efficiency of prime editing was 

shown to be comparable with the CRISPR/Cas9 sys-

tem, which contradicts the previously obtained data 

demonstrating higher efficiency of the PE system [35]. 

Nevertheless, PE remain a preferable method for in-

troduction of targeted changes to nucleotide sequence, 

due to the fact that it is the safest. In the studies asso-

ciated with correction of the F508del mutation in the 

CFTR gene with the help of CRISPR/Cas9, the standard 

system was shown to be ineffective and resulted in 

high percentage of undesirable changes in the editing 

locus because NHEJ was predominant repair pathway 

[36, 37]. Another limitation for the use of CRISPR/Cas9 

system for development of gene therapy is the fact 

that the HDR mechanism is active only in dividing 

cells. And majority of airway cells are in the state 

of quiescence and are not dividing actively, which 

increases probability of the repair via NHEJ when 

CRISPR/Cas9 is used in  vivo [38].

Prime editing, on the other hand, demonstrates 

very low percentage of undesirable changes in the ed-

iting locus, although it does not demonstrate high ef-

ficiency due to peculiarities of delivery. We were able 

to make such conclusion based on the results of analy-

sis of frequencies of single-nucleotide substitutions, 

insertions, and deletions. In most of the cases frequen-

cy of such changes was the same as in the non-trans-

fected controls and samples. The errors could appear 

and accumulate at the stage of amplification, as well 

as at the stage of deep targeted sequencing [39,  40]. 

The single-nucleotide substitutions not observed in the 

controls were mostly observed in the samples with 

unsuccessful insertion, and fraction of such changes 

did not exceed 0.08%. In the process only one sin-

gle-nucleotide deletion was observed, and its fraction 

did not exceed 0.02% of total number of reads.

CONCLUSIONS

Despite the fact that prime editing is a very 

promising tool for development of gene therapy, its 

use could be limited in the AT-rich genome regions. 

In this study we conducted screening of 24 pegRNA 

in the airway BC from the patients with homozygous 

F508del variant of the CFTR gene. pegRNAs were se-

lected for two different editors, PEmax and PE2-NG, 

and the most effective molecule, pegRNA20, was iden-

tified as a result. According to the literature data, the 

editor PE2-NG, for which this pegRNA was designed, 

is less effective editor than the PEmax, however, for 

correction of the AT-rich region flexibility of PAM was 

found to be more important.

Efficiency of correction of the pathogenic variant 

with the help of pegRNA20 was only 2.81% without 

consideration of transfection efficiency. This could be 

due to the fact that the genetic construct encoding 

the editor is large, and it is difficult to deliver it with 

the help of existing delivery systems. In order to de-

velop mucoviscidosis therapy based on prime editing 

it is necessary to find effective and safe method for 

delivering large genetic constructs to the cell.
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coviscidosis transmembrane conductance regulator; 
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pair; nt, nucleotide; NGS, next-generation sequencing; 

NHEJ, non-homologous end joining; PAM, protospacer 

adjacent motif; PBS, primer binding site; PE, prime ed-

iting; pegRNA, prime editing guide RNA; PEmax and 

PE2-NG, two different systems for prime editing; RT, 

reverse transcriptase; RTT, reverse transcriptase tem-

plate.
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