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Prime editing enables precise and efficient genome editing, but its efficacy is
hindered by pegRNA’s 3’ extension, forming secondary structures due to high
complementarity with the protospacer. The continuous presence of the prime
editing system also leads to unintended indel formation, raising safety con-
cerns for therapeutic applications. To address these challenges, we develop a
mismatched pegRNA (mpegRNA) strategy that introduces mismatched bases
into the pegRNA protospacer, reducing complementarity and secondary
structure formation, and preventing sustained activity. Our findings show that

mpegRNA enhances editing efficiency by up to 2.3 times and reduces indel
levels by 76.5% without compromising performance. Combining mpegRNA
with epegRNA further increases efficiency up to 14-fold, or 2.4-fold in PE4max/
PESmax systems, underscoring its potential in research and therapy. Alpha-
Fold 3 analysis suggests that the optimal mpegRNA structure contributes
significantly to improved editing outcomes. Overall, mpegRNA advances
prime editing technology, improving efficiency while reducing indels.

Gene-based disease treatment often hinges on correcting genomic
variants within diseased cells'"™ or organisms*®. Prime editing (PE)
stands out as a precise genome editing method capable of various DNA
conversions, including base pair substitutions, small insertions, and
deletions’. Due to its comprehensive sequence-altering capabilities,
prime editing theoretically addresses 90% of human genetic diseases®,
and has been used in scientific research®*'® and gene therapy
development”. However, its utility is often limited by relatively low
editing efficiency and high rates of indels™.

The prime editing complex consists of a pegRNA and an editing
complex, which includes an engineered reverse transcriptase (RT)
fused to the nCas9-H840A nickase™"*. The pegRNA comprises a guide
RNA region that targets the specific DNA sequence®, a primer binding
site (PBS) region homologous to the target sequence, and an RT
template region containing the desired mutation. During the editing
process, the pegRNA guides nCas9 to create a nick in the target DNA

strand, after which the PBS sequence binds to the nicked strand,
initiating reverse transcription. The RT then extends the nicked strand
using the pegRNA template, forming the edited DNA sequence, which
integrates into the genome through DNA repair and replication
mechanisms’. To enhance PE systems, strategies such as using differ-
ent Cas9 variants'®”, optimizing the M-MLV RT'®, modifying pegRNAs
with 3’ RNA structural motifs'**>, employing cell repair factors®, and
enhancing chromatin accessibility have been explored*. Despite the 3’
extension of the PBS providing a template for editing, its high com-
plementarity to the protospacer sequence can form secondary RNA
structures, obstructing the interaction between the pegRNA, Cas9
protein, and the target DNA sequence. Consequently, the targeting
efficiency of pegRNA relative to single guide RNA (sgRNA) can be
compromised®*°.

The development of PE3 and PES systems, which incorporate an
additional sgRNA to nick the non-edited DNA strand, has aimed to

College of Life Science, Tianjin Normal University, Tianjin, China. ?Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, China.
SUniversity of Chinese Academy of Sciences, Beijing, China. “National Technology Innovation Center of Synthetic Biology, Tianjin, China. *Westlake
Laboratory of Life Sciences and Biomedicine, School of Life Sciences, Westlake University, Hangzhou, Zhejiang, China. ®Key Laboratory of Molecular
Microbiology and Technology, Ministry of Education, College of Life Sciences, Nankai University, Tianjin, China. "These authors contributed equally: Jidong
Fei, Dongdong Zhao, Caiyi Pang, Ju Li. ' e-mail: zhao_dd@tib.cas.cn; bi_ch@tib.cas.cn; zhang_xl@tib.cas.cn

Nature Communications | (2025)16:139


http://orcid.org/0000-0001-9691-1308
http://orcid.org/0000-0001-9691-1308
http://orcid.org/0000-0001-9691-1308
http://orcid.org/0000-0001-9691-1308
http://orcid.org/0000-0001-9691-1308
http://orcid.org/0000-0003-0037-4144
http://orcid.org/0000-0003-0037-4144
http://orcid.org/0000-0003-0037-4144
http://orcid.org/0000-0003-0037-4144
http://orcid.org/0000-0003-0037-4144
http://orcid.org/0000-0001-6057-2957
http://orcid.org/0000-0001-6057-2957
http://orcid.org/0000-0001-6057-2957
http://orcid.org/0000-0001-6057-2957
http://orcid.org/0000-0001-6057-2957
http://orcid.org/0000-0002-1940-8511
http://orcid.org/0000-0002-1940-8511
http://orcid.org/0000-0002-1940-8511
http://orcid.org/0000-0002-1940-8511
http://orcid.org/0000-0002-1940-8511
http://orcid.org/0000-0002-8660-4037
http://orcid.org/0000-0002-8660-4037
http://orcid.org/0000-0002-8660-4037
http://orcid.org/0000-0002-8660-4037
http://orcid.org/0000-0002-8660-4037
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55578-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55578-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55578-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55578-z&domain=pdf
mailto:zhao_dd@tib.cas.cn
mailto:bi_ch@tib.cas.cn
mailto:zhang_xl@tib.cas.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55578-z

resolve heteroduplex DNA”. However, these systems increase the risk
of double-strand breaks (DSBs) and indel formation near the target
site, and the presence of DSBs can activate DNA damage responses,
posing pathogenic risks in therapeutic applications®%,

To mitigate these issues, we propose the use of mismatched
pegRNA (mpegRNA) to reduce pegRNA secondary structure formation
and prevent persistent DNA nicks by nCas9%. This study will evaluate
the mpegRNA strategy across multiple genomic loci under various
conditions to assess its potential for enhancing PE efficiency while
minimizing indels.

Results

Design of the mpegRNA

Since the 3’ extension of the PBS region providing a template for
editing, its high complementarity to the protospacer sequence can
form secondary RNA structures, obstructing the interaction between
the pegRNA, Cas9 protein, and the target DNA sequence. Conse-
quently, the targeting efficiency of pegRNA relative to single guide
RNA (sgRNA) can be compromised. In addition, after the target DNA
sequence is modified by PE, the original pegRNA is no longer com-
plementary to the edited locus, thereby terminating the editing pro-
cess. However, due to the inherent design of the PE system, the
protospacer sequence and the 3’ extension of the pegRNA naturally
exhibit complementarity (Fig. 1a). Additionally, due to the mismatch
tolerance characteristic of Cas9, even when the pegRNA is not fully
complementary to the edited locus, nCas9 can still bind and con-
tinuously nick the target site’>*". Such persistent DNA damage can lead
to chromosomal indels and other undesired DNA alterations. Thus, to
ameliorate these two challenges, we consider introduction of mis-
matched bases in the pegRNA might be a solution.
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Fig. 1| Schematic illustration of the mpegRNA strategy and its proposed
mechanism. a Predicted secondary structures of pegRNA and mismatch pegRNA
using AlphaFold 3. b Indel formation induced by testing pegRNA in combination
with sgRNA versus sgRNA alone. Data are presented as mean + s.d. of n=3 inde-
pendent biological replicates. Significance was determined using unpaired two-
tailed Student’s t test (**p < 0.001, *p < 0.01, *p < 0.05, ns indicates no significant
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To demonstrate that traditional pegRNAs retain targeting cap-
abilities with the edited locus sequence, we designed a pegRNA with
base mismatches at positions 18-20 of the protospacer (referred to as
testing pegRNA, where the proximal PAM is at position 20). This
testing pegRNA, with single-base mismatches to the target site, simu-
lates the mismatches between the edited genome and the original
pegRNA after editing events. Its 3’ extension is fully complementary to
the wild-type genomic locus. We co-transfected the testing pegRNA
with the corresponding sgRNA for PE3 editing. Across six tested loci,
the combination of testing pegRNA and sgRNA induced more indels
compared to sgRNA alone (Fig. 1b). These results indicate that pegRNA
can still target the genome after the locus has been edited, resulting in
increased indels.

We introduce a mismatched PE gRNA (mpegRNA) strategy
(Fig. 1c) that employs a pegRNA with one or more bases that are not
complementary to the target locus. Before PE editing, mpegRNA
exhibits a more extended secondary structure than conventional
pegRNA, potentially enhancing the targeting ability of PE complexes.
After PE editing, mpegRNA contains more noncomplementary
nucleotides relative to the traditional pegRNA, reducing the affinity of
PE complexes for the edited locus. This reduction in affinity helps
terminate the PE editing process and prevents continuous DNA
damage.

The mpegRNA strategy increased editing efficiency and
reduced indels

Introducing mismatches into pegRNAs may affects their targeting
ability. To identify the mismatch range that minimally impacts pegRNA
targeting ability, we introduced mismatches across the entire proto-
spacers at UBE3A and EMX1 loci. As illustrated in Fig. 2a, the UBE3A site

pegRNA mpegRNA
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PegRNA with with mpegRNA with reduced

secondary structure formation

mpegRNA induced prime complex
containing mismatched N20 position

mpegRNA promotes prime complex
detachment due to multiple mismatched N20 positions

pegRNA induced

difference). ¢ Schematic representation of the prime editing process facilitated by
pegRNA and mpegRNA. Prior to prime editing, mpegRNA exhibits a more extended
secondary structure compared to conventional pegRNA. Following prime editing,
mpegRNA incorporates additional noncomplementary nucleotides relative to the
target locus, which aids in concluding the prime editing process. Source data are
provided as a Source Data file.
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Fig. 2 | Prime editing with mpegRNA strategy. a The editing efficiency of prime
editing mediated by mpegRNA at various mismatch positions across the proto-
spacer in the UBE3A and EMX1 loci. b, ¢ The efficiency and indel outcomes of PE2
and PE3 using pegRNA and mpegRNA with mismatches at positions three to eleven
within the protospacer, where ST denotes the standard pegRNA without mis-
matches. For a single target locus, data are presented as the mean + s.d. fromn=3

independent biological replicates. For the combined analysis of ten loci, data are
presented as the mean + s.d. from n =30 independent biological replicates, with
three replicates per locus. Only the group with the best performance underwent
unpaired two-tailed Student’s t test (**p < 0.001, *p < 0.01, *p < 0.05, ns indicates
no significant difference). Source data are provided as a Source Data file.
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exhibited greater mismatch tolerance, whereas the EMX1 site dis-
played a narrower range around positions N3 to N11, with the highest
editing efficiency achieved at mismatch sites N6 to N10. The PE3
results were similar to those of PE2. Concurrently, emerging literature
underscores the importance of the fourth to seventh bases upstream
of the PAM sequence in gRNA targeting efficacy®.

Based on these results and previous studies™*, we developed
mpegRNAs with mismatches at positions 3 to 11 of the protospacer
sequence, sequentially designated as N3 to N11 mpegRNA. We eval-
uated the editing efficiency and indel rates at various genomic loci
using the PE2 and PE3 systems. As illustrated in Fig. 2b, the mpegRNA
strategy significantly enhanced editing efficiency or reduced indel
formation at 9 out of the 10 sites tested with PE2. The average editing
efficiency increased by 44.97%, while the average indel rate
decreased by 47.16%. For example, the mpegRNA targeting VISTA at
N8 improved efficiency from 11.73% to 23.9% and reduced indels from
58.45% to 19.42%. Similarly, the mpegRNA targeting UBE3A-3 with
a+8 CtoAmutation at N9 increased efficiency from 13.97% to 27.63%
and decreased indels from 20.36% to 5.83%. In the PE3 system
(Fig. 2c), the mpegRNA approach significantly improved editing
efficiency or reduced indel formation at 8 out of the 10 sites exam-
ined, with the average editing efficiency rising by 44.97% while
maintaining a stable average indel rate. At some loci, efficiency gains
were accompanied by a reduction in indels. For instance, the
mpegRNA at HEK4 N7 increased efficiency from 11.6% to 25.73% and
reduced indels from 17.28% to 12.33%. The mpegRNA targeting
VEGFA at N7 increased efficiency from 36.13% to 47.8% and decreased
indels from 3.85% to 2.63%. Similar enhancement effects were repli-
cated in Hela cells (Fig. S1).

Overall, most sites demonstrated improved editing efficiency with
mpegRNA, although the optimal mismatch location varied. Editing
efficiency with mpegRNA typically increased and then decreased
between N6 and N10, with the best mismatches usually between these
positions. The variation trends of mpegRNA were consistent for PE2
and PE3 at certain sites. For example, mpegRNA showed a significant
efficiency decline at N7 for HEK3 in both PE2 and PE3. At the VEGFA and
UBE3A-3 sites, different editing positions led to different optimal
mismatch results, suggesting that both the protospacer and 3’ exten-
sion influence the mismatch outcome.

Given the reduced complementarity between mpegRNA and the
target site, the number of off-target sites may change. To compare off-
target site numbers between mpegRNA and pegRNA, we used Cas-
OFFinder® (allowing up to 3 mismatches, no bulges). The results,
shown in Supplementary Data 2, indicated that single-base mismatches
could either increase or decrease off-target sites. To further validate
these findings, we selected two mpegRNAs predicted by Cas-OFFinder
to have lower off-target potential, targeting the HEK3 and VISTA HS267
loci, and used GUIDE-seq* to assess off-target effects. The relative off-
target rates for mpegRNA and pegRNA were consistent with those
predicted by Cas-OFFinder (Fig. S2). For example, at the HEK3 locus,
GUIDE-seq detected three off-target sites with pegRNA and two with
mpegRNA; notably, both off-target sites detected with mpegRNA were
also found with pegRNA, with no additional off-target sites identified.
At the VISTA HS267 locus, pegRNA and mpegRNA identified the same
off-target site, but mpegRNA showed relatively fewer off-target reads.
By selecting appropriate positions for designing mpegRNA, we may be
able to enhance editing efficiency and potentially reduce the number
of off-target sites.

Considering the substantial variability in selecting mismatched
bases, we chose eight positive sites to determine if there is an optimal
mismatch base. As depicted in Fig. 3a, b, within the PE3 system, 6 out of
7 sites showed better performance when mismatched with G, 5 out of 5
with T, 5 out of 5 with A, and 6 out of 7 with C. These findings suggest
that the location of the mismatched base, rather than its type, exerts
the most significant influence on the effectiveness of mpegRNA.

The performance of PE3 editing is influenced by the position of
the additional sgRNA. Researchers typically select sgRNAs at different
secondary cutting positions to achieve optimal editing efficiency with
PE3. To investigate whether mpegRNA can enhance editing efficiency
when the spacing between the two PE3 cuts varies, we randomly
selected sgRNAs at five different cutting positions at the HEK4 site and
tested them with three sets of mpegRNAs to analyze their perfor-
mance. As shown in Fig. 3c, the N3 mpegRNA exhibited the best editing
efficiency in all tested sgRNA, increasing PE2 from 5.83% to 10.07%, and
PE3 (+ 74 nick) from 6.87% to 15.4%.

The indels for PE3, but not PE2, were reduced with different
sgRNAs when using N3 mpegRNA. The prime editing efficiency/indels
ratio for PE3 with different sgRNAs improved significantly, from 0.40,
0.44,0.77,and 0.26 to 1.23, 3.48, 2.11, and 2.31 at -52 nick, +74 nick, -95
nick, and -26 nick, respectively. These results demonstrate that
mpegRNA strategies can universally enhance the performance of PE3
with various corresponding sgRNAs. Additionally, the optimal mis-
match position of mpegRNAs does not change with different PE3
additional sgRNA cleavage positions. The influence of mpegRNA is
primarily determined by the sequence of the pegRNA itself.

Enhanced editing efficiency through the combination of
mpegRNA with different PE systems

The epegRNA enhances prime editing efficiency by stabilizing the
pegRNA structure through the addition of a 3’ motif**. PE4max and
PESmax further improve editing efficiency by incorporating MMR
pathway inhibitors®. These two strategies are currently among the
most effective for enhancing prime editing. We combined either
epegRNA or PE4max/PESmax with mpegRNA strategy.

We tested pegRNA, mpegRNA, epegRNA, and mismatched
epegRNA at three editing sites. As shown in Fig. 4a, both mpegRNA and
epegRNA generally improved editing efficiency. Although epegRNA
showed slightly higher efficiency than mpegRNA, the combination of
epegRNA and mpegRNA strategies produced the highest editing effi-
ciencies. Notably, at the RUNX1 site, the editing efficiency increased 14-
fold with mismatched epegRNA.

When combined with PE4max and PE5Smax, we initially tested the
variation in editing efficiency and indel formation across the entire
protospacer at the EMX1 locus, similar to tests conducted with PE2 and
PE3. We found that, consistent with previous observations using PE2
and PE3, the highest editing efficiency was achieved at mismatch sites
N6 to N10, while N12 and N18 had the most negative impact on effi-
ciency. However, we also observed a modest increase in editing effi-
ciency at mismatch sites N14 and N20 relative to other low-efficiency
mismatch sites (Fig. S3). Despite this improvement, the efficiency at
these sites did not surpass that of pegRNA without mismatches and
remained lower than the peak efficiency observed at N6 to N10 (Fig.
S3). This suggests that MLH1dn may influence changes in editing effi-
ciency at specific mismatch sites without substantially affecting the
optimal mismatch window. We randomly selected mpegRNAs between
N6 and N10 across 12 loci and applied them to PE4max and PESmax. As
shown in Fig. 4b, c, 10 out of the 12 loci in PE4max and 9 out of 12 in
PESmax demonstrated improvements in either editing efficiency or
indel reduction. For example, at VEGFA + 3 A to C, mpegRNA increased
efficiency from 15.9% to 24.7% and decreased indels from 1.4% to 0.87%
in PESmax.

These results indicate that the mpegRNA strategy can be effec-
tively combined with epegRNA or PE4max/PESmax to synergistically
improve prime editing results.

The optimal structure of mpegRNA might contribute to the
improved editing performance

We hypothesized that the PE efficacy can be hindered by the tendency
of pegRNA’s 3’ extension to form secondary structures due to high
complementarity with the protospacer sequence. To analyze the
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a Comparison of editing results among pegRNA, epegRNA, mpegRNA, and
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c Editing outcomes of pegRNA and mpegRNA in PESmax system. For a single target
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replicates. For the combined analysis of twelve loci, data are presented as the mean
+s.d. from n =36 independent biological replicates, with three replicates per locus.
Significance was determined using unpaired two-tailed Student’s t test
(***p <0.0001, **p < 0.001, *p < 0.01, *p < 0.05). Source data are provided as a
Source Data file.

structure of mpegRNAs, we conducted an extensive series of site-
specific assessments by Alphafold 3. Our experimental data suggest
that nucleotide positions N6 through N10 are potentially advanta-
geous for the introduction of mismatches. To obtain a more precise 3D
structure of the mpegRNAs, we utilized AlphaFold 3, a state-of-the-art
artificial intelligence system for protein structure prediction®, to
forecast the three-dimensional conformation of pegRNA targeted to
the HEK3 locus.

For the mpegRNAs for HEK3 locus, our analysis revealed that a
substantial fraction of the bases within the N20 region display com-
plementary pairing with the 3’ extension (Fig. 5a, b). To elucidate the
spatial proximity of these complementary base pairs within the pre-
dicted structure, we computed the inter-base distances for all such

pairs and determined the average distance, a graphical representation
of which is provided in Fig. 5a-c. The utilization of base mismatches
within the pegRNA was further substantiated by AlphaFold modeling,
which demonstrated a more extended secondary structure (Fig. 5d).
Specifically, mismatches at nucleotide positions N6, N7, N8, and
N11 significantly altered the spatial positioning of their respective
complementary bases, increasing the distances from a baseline of
around 5A to -8.6A, 8.7A, 8.3A, and 8.6 A, respectively (Fig. 5b).
However, mismatches at positions N9 and N10 were less efficacious,
showing minimal displacement of their corresponding com-
plementary bases.

The structural dynamics of pegRNA, notably altered by mis-
matches at N6 and N8, directly enhanced editing efficiencies at these
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a Overview of pegRNA distance measurements. b Distances between com-
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positions, as illustrated in Fig. 2b, c. Conversely, the lack of substantial
increase in average base distance contributed by the mismatches at N9
and N10 paralleled their failure to augment editing efficiency, resulting
in efficiencies that were on par with or inferior to those achieved with
the standard pegRNA.

Notwithstanding the pronounced increase in base distances, the
N7-pegRNA’s secondary structure undergoes significant modifications
(Fig. 5e), obstructing the formation of a functional scaffold. This
impedes accurate assembly with Cas9, culminating in reduced editing
efficiency. Notably, the exceptionally high base pairing distance at the
20th position within the N7-pegRNA serves as an indicator of scaffold
distortion. This also implies that the low PE editing efficiency at certain
positions might be attributable to the loss of fundamental pegRNA
structural integrity. A similar scenario is observed with the N7-
mpegRNA in UBE3A-3+4T to A, where substantial structural altera-
tions result in a significant decline in efficiency (Figs. 2 & S4). Position

N11 may embody a locus of enhanced mismatch tolerance at the target
site. This comprehensive structural analysis, combined with functional
editing outcomes, underscores the strategic importance of base mis-
match location for optimizing pegRNA performance in prime editing
applications.

Unexpectedly, the N5 mismatch led to the formation of a G-G
base pair, which intriguingly displayed a significantly reduced inter-
base distance compared to the canonical base pairs (A-U, C-G,
typically within the range of 4.9-5.1A) evaluated in our study.
Contrary to initial expectations, this anomalous G-G pairing was
associated with an enhancement in editing efficiency. This coun-
terintuitive observation could not be adequately explained by base
pair spacing distance alone. We speculate that the closer spatial
proximity of the G-G base pair might be attributable to forces
similar to those mediating interactions within a G-quadruplex
structure.
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With the structure analysis, we conclude that the optimal struc-
ture of mpegRNA might be a major contributor for the improved
editing performance of mpegRNA.

Discussion

Prime editing has demonstrated considerable versatility in gene edit-
ing, yet its broader application is constrained by relatively low editing
efficiency and high rates of indel formation. In this study, we devel-
oped mpegRNA approach to address these challenges. By introducing
mismatches at strategic positions within the protospacer sequence, we
alleviated the formation of secondary structures in the pegRNA and
prevented persistent DNA nicking by nCas9.

Our results showed that the mpegRNA strategy significantly
enhanced editing efficiency or reduced indel formation in both PE2
and PE3 systems across more than 80% of the tested genomic sites.
The optimal mismatch locations were identified around the N6 ~ N10
positions of the protospacer sequence. Utilizing AlphaFold 3 facili-
tated the generation of several highly suitable candidate mpegRNAs,
providing a robust guideline for future applications. Moreover, the
mpegRNA approach proved universally applicable, showing con-
sistent enhancement effects regardless of the sgRNA cutting position
in the PE3 system. Some studies have reported that in certain cir-
cumstances, mismatches in the protospacer can also enhance the
editing efficiency of Cas9*®, and it is possible that part of the
improvement in PE editing efficiency by mpegRNA is due to this
reason. We also explored the combinatory potential of the mpegRNA
strategy with other prime editing enhancement techniques, such as
epegRNA and PE4max/PESmax. The combined strategies exhibited
synergistic effects, further boosting editing efficiency and reducing
indel formation, thereby enhancing the overall efficacy of prime
editing.

Overall, the mpegRNA strategy represents a significant advance-
ment in prime editing technology. It offers a practical and effective
solution to improve editing outcomes, making it a promising tool for
both research and therapeutic applications in genome editing.

Methods

Strains and culture conditions

As a cloning host, E. coli DH5« strains were cultured at 37 °C in L- broth
medium (LB) with 1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1%
(w/v) NaCl) or L-agar (LA), consisting of LB medium with 1.5% agar.
Ampicillin (100 mg/L) was added to the media as appropriate to ensure
the accuracy of the screening results.

Plasmid construction

All plasmids were assembled by the Golden Gate method. PCR primers
for pegRNA and mpegRNA were designed with the desired sequences
(PBS and RT template sequence) embedded in the primers’. The PBS
and RT components of the template epegRNA, along with tevopreQl,
were synthesized by GenScript. The DNA templates were PCR ampli-
fied with Primerstar MAX (RO45A, Takara). PCR products were gel
purified with Kit JCO8KA2210, Sangon Biotech), digested with Dpnl
restriction enzyme (FD1704, Thermo), Utilizing DH5« (TSC-CO1, Beij-
ing Tsingke Biotech Co., Ltd.) competent cells for transformation. The
plasmid construction results were verified by Sanger sequencing
(BeijingTsingke Biotech Co., Ltd.).

Cell culture and transfection

HEK 293 T cells were cultured in Dulbecco’s minimal essential medium
(DMEM, Gibco), supplemented with 10% (vol/vol) fetal bovine serum
(FBS) and 1x penicillin streptomycin (Corning). Cells were incubated
and cultured at 37 °C with 5% CO,. Before transfection, the cells were
seeded in 24-well plates (Corning), incubated for ~24h and then
transfected with PEI after reaching ~40% confluence. A total of 600 ng

of Cas9 plasmids and 300 ng of pegRNA or mpegRNA expressing
plasmids were transfected with 50 pl of DMEM containing 3 pl of PEI,
100 ng of additional gRNA-expressing plasmids (if required) were also
co-transfected. Twenty-four hours after transfection, 4 pg/ml pur-
omycin (Merck) was added to the medium and incubated for 4 days.
Then, the cells were collected for high-throughput sequencing.

High-throughput sequencing

Total genomic DNA was extracted using QuickExtract DNA extraction
solution (Epicenter, USA) supplemented with proteinase K (Roche)
following the manufacturer’s instructions with slight modifications.
Cells were washed with PBS and lysed in 30 pl of extraction solution
supplemented with 0.3 pl of proteinase K. The samples were incubated
at 55 °C for 10 min and inactivated at 80 °C for 3 min. Targeted regions
(180-250 bp) of interest were amplified by PCR with Es Taq MasterMix
(CW0690S, Cwbio) and used for high-throughput DNA sequencing, as
previously described. Libraries with different barcodes were analyzed
by Illumina high-throughput sequencing (GENEWIZ, China). The data
were split according to their barcodes, and the examined target sites
were selected. Base substitution ratios were calculated by dividing
base-substitution reads by total reads.

GUIDE-seq assay

The GUIDE-seq assay was performed as previously described™.
pegRNA and Cas9 plasmids, along with double-stranded oligodeox-
ynucleotides (dsODN), were transfected into HEK293T cells and cul-
tured for 72hours prior to genomic DNA isolation. The purified
genomic DNA was then subjected to fragmentation, end-repair, A-
tailing, adapter ligation, and dsODN-specific amplification. Libraries
were sequenced on lllumina platform, followed by analysis.

AlphaFold 3 structure analysis

Enter sequence on the website (https://golgi.sandbox.google.com/)
and submit it to run the prediction. Download the computation results.
Open the top-ranked file using PyMOL and observe the overall struc-
ture. Use the ‘dist command to calculate the distance between each
complementary base pair on the protospacer

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

There is no restriction on data associated with this study. The DNA
sequences of the main primers, as well as the individual components of
sgRNA, pegRNA, mpegRNA, epegRNA, and mepegRNA, are provided in
Supplementary Data 1. The high-throughput sequencing data gener-
ated in this study have been deposited in NCBI database under
accession codes PRJNA916761 and PRJNA1145659. Source data are
provided with this paper.

Code availability
The data analysis in this study utilizes publicly available tools with no
restrictions on code usage.
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