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Prime editing (PE) holds tremendous potential in the treatment of genetic diseases because it can
install any desired base substitution or local insertion/deletion. However, the full-length PE effector
size (6.3-kb) is beyond the packaging capacity of adeno-associated virus (AAV), hindering its clinical
translation. Various splitting strategies have been used to improve its delivery, but always
accompanied by compromised PE efficiency. Here, we developed a modular and efficient SunTag-PE
system that splits PE effectors into GCN4-nCas9 and single-chain variable fragment (scFv) tethered
reverse transcriptase (RT). We observed that SunTag-PEs with 1xGCN4 in the N terminus of nCas9
was the most efficient configuration rather than multiple copies of GCN4. This SunTag-PE strategy
achieved editing levels comparable to canonical fused-PE (nCas9 and RT are linked together) and
higher than other split-PE strategies (including sPE and MS2-PE) in both PE2 and PE3 forms with no
increase in insertion and deletion (indel) byproducts. Moreover, we successfully validated the
modularity of SunTag-PE system in the Cas9 orthologs of SauCas9 and FrCas9. Finally, we employed
dual AAVs to deliver SunTag-ePES3 and efficiently corrected the pathogenic mutation in HBB mutant
cell line. Collectively, our SunTag-PE system provides an efficient modular splitting strategy for prime

editing and further facilitate its transformation in clinics.

Canonical PEs contain two main components, a protein effector consisting
of nCas9-H840A tethered with reverse transcriptase (RT)“ at the
C-terminus and a prime editing guide RNA (pegRNA) containing a primer
binding site (PBS) sequence and an RT template’™. It can install desired
insertions, deletions, and all 12 possible base-to-base conversions™™* with-
out double-strand breaks (DSBs) or donor DNA template, which enables PE
to correct the majority of known human genetic disease-related
mutations®"’.

However, the delivery remains a major obstacle to the clinical
translation of PE, as its size exceeds the limited packaging capacity
(~4.8kb) of AAV'"". To tackle this issue, various splitting strategies
have been tested for delivering PEs, including intein-mediated split
PEs'™"*, MS2-PEs”, and Split-PE'>'"°. But these strategies, while

improving delivery efficiency, can also compromise the editing effi-
ciency of PEs.

Here, we developed a modular SunTag-PE strategy that used
protein-tagging system'”' to split the PE effectors into GCN4-nCas9 and
scFv-RT, which could be packaged into two separate AAVs and induce
efficient editing. We observed that SunTag-PEs could install desired
mutations at different endogenous and exogenous loci in HEK293T and
HeLa cells and could achieve higher editing efficiency than canonical
fused-PEs and previous different split-PEs. Of note, this SunTag system
was also applicable to other orthologous Cas9, which could liberate the
restriction of NGG PAM. The modularity of SunTag PE system provides
a versatile platform that can advance the effectiveness and broader
application scope of PE technology.
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Results

N-1xGCN4 SunTag-PE was the most efficient configuration

We initially designed SunTag-PE2 by fusing the scFv to the N terminus of
Moloney murine leukemia virus reverse transcriptase (M-MLV RT)"’ and
fusing different copies of GCN4 to the N terminus or C terminus of nCas9-
H840A™. In SunTag-PE system, the scFv-RT was recruited by nxGCN4-
nCas9 (the #ninnxGCN4 = 1,2, 3, 5, 10). We designated them as SunTag-PE
(nxGCN4-nCas9) and PE-SunTag (nCas9-nxGCN4) based on the domain
order (Fig. 1a, b).

Based on the above design principles and reasonable size distribution,
we constructed a two-plasmid system, one plasmid expressing pegRNA and
scEv-RT (Fig. 1c), and the other expressing nxGCN4 tethered nCas9
(Fig. 1d). To test its feasibility in PE editing, we first co-transfected the above
plasmids into HEK293T cells and HeLa cells to introduce a 3-nucleotide (nt)
CTT insertion in HEK3 endogenous locus. The HEK293T cells' editing
efficiency and indel rate were detected by Sanger sequencing (Supplemen-
tary Fig. 1a) and deep sequencing (Fig. 1e). We observed that the editing
efficiency was the highest when there was only one copy of GCN4 tethered
to nCas9. The editing efficiency of GCN4 tethered to the N-terminus of
nCas9 was generally better than that of the C-terminus. As shown in Fig. 1e,
when nxGCN4 was configured at the N-terminal of nCas9, the CTT
insertion average rate was 13.8% for I1xGCN4, 11.44% for 2xGCN4, 8.3%
for 3xGCN4, 10.16% for 5xGCN4, and 9.64% for 10xGCN4. When
nxGCN4 was configured at the C-terminal of nCas9, the CTT insertion
average rate was 12.44% for 1xGCN4, 9.77% for 2xGCN4, 8.87% for
3xGCN4, 8.25% for 5xGCN4, and 8.27% for 10xGCN4. The GCN4 teth-
ered to the N-terminus of nCas9 with fold-changes of 1.11x for 1xGCN4,
1.17x for 2xGCN4, 1.23x for 5xGCN4, and 1.17x for 10xGCN4 than
C-terminus. Consistently, we also observed the highest editing efficiency
with N-terminal 1xGCN4 in HeLa cells (Supplementary Fig. 1b). The above
results were contrary to the previous understandings”*’ that the more
copies of GCN4, the better efficiency. This phenomenon may be caused by

17,21

the steric hindrance of neighboring peptide binding sites'~*'.

SunTag-PE2 exhibited higher editing efficiency than previous
different split Pes

After confirming that the most potent SunTag-tethered configuration was
N-1xGCN4-nCas9 (hereinafter referred to as SunTag-PE), we selected it for
further investigation. We first compared the editing efficiency of SunTag-PE
with canonical fused-PE’, MS2-PE", and Split-PE (untethered RT)"*'* in the
HEXKS3 locus of HEK293T cells in PE2 form. The data showed that, SunTag-
PE2 achieved comparable levels of CTT insertion editing as canonical fused-
PE2 (up to 14.58%) and significantly higher than those of Split-PE2 (7.63%)
and MS2-PE2 (8.57%) with no increase in indel byproducts (Fig. 1f and
Supplementary Fig. 2). Furthermore, we confirmed that the predominant
editing ability of SunTag-PE2 was derived from the enrichment effect of
GCN4-scFv by comparing with the deficient SunTag-PE2 (nCas9 + scFv-
RT), which was lack of GCN4 but otherwise identical to SunTag-PE2
(Fig. 1f). Of note, we observed that deficient SunTag-PE2 also achieved
comparable editing levels to Split-PE2, consistent with previous studies that
RT may be able to function as untethered form refs. 15,16.

Efficient editing by SunTag-ePE2 at endogenous and
exogenous sites

To further improve the editing efficiency of SunTag-PE2, we constructed
SunTag-ePE2 by using engineered pegRNAs (epegRNAs) containing a 3/
evoPreQl motif”’. We tested its editing efficiency at four endogenous
genomic loci (HEK3, EMX1, FANCF, and RNF2) to install nucleotide
transversion, insertion, and deletion in HEK293T cells. We observed 1.5-
fold increased efficiency of SunTag-ePE2 compared to SunTag-PE2 in
installing CTT insertion in HEK3 locus (21.86% vs. 14.58%,
Figs. le and 2a; Supplementary Fig. 3). As expected, SunTag-ePE2 could
efficiently install desired mutations across all four genomic sites tested
with editing level comparable to ePE2 and no increase in indel bypro-
ducts (Fig. 2a-d).

To determine whether SunTag-PE2 alters off-target editing levels, we
first assessed the off-target activity of SpCas9 at the EMX1 and FANCEF loci
using GUIDE-seq. As shown in Supplementary Fig. 4, the results identified
10 off-target sites for EMX1 and 3 off-target sites for FANCF. We selected
the top 3 off-target sgRNAs from EMXI and the top 1 off-target sgRNA
from FANCEF to serve as off-target detection sites for the spacer regions of
the SunTag-PE2 epegRNAs. Deep sequencing results revealed that both
SunTag-ePE2 and Fused-ePE2 systems exhibited extremely low off-target
primer editing efficiencies at all evaluated sites. These results suggest that the
SunTag-ePE2 system does not significantly increase off-target editing levels
at most target sites compared to the standard Fused-ePE2 system (Fig. 2e, f).

Further, we validated the editing efficiency of SunTag-ePE2 in exo-
genous site. We first used the piggyBac transposase tool™ to establish a green
fluorescent protein (GFP)-mutated (GFPm) reporter cell line, containing a
premature stop codon resulting from a 4 nt deletion frameshift mutation in
the GFP coding sequence'*** (Fig. 2g). Then using SunTag-ePE2 and ePE2
to insert GTTC sequence into the GFP mutation site can convert GFPm into
GFP. The rate of GFP positive cells was further calculated by flow cytometer
(FCM) to evaluate the PE editing efficiency. The data showed that the GFP
positive cells of SunTag-ePE2 (13.4%) were 1.14 fold-change more than
ePE2 (11%), suggesting that the precise editing efficiency of SunTag-ePE2
could be higher than ePE2 (Fig. 2h, i and Supplementary Fig. 5).

SunTag-ePE3 achieved comparable levels of editing in HEK293T
and higher levels in HeLa cells than ePE3

A previous study showed that PE3 achieves about 3-fold editing efficiency
compared with PE2’. To demonstrate whether SunTag-PE system was also
feasible to PE3, we constructed SunTag-ePE3 system and tested it in four
endogenous loci to install desired substitution, insertion, and deletion in
both HEK293T and HeLa cells. The data showed that the editing efficiency
of SunTag-ePE3 was 2-5-fold higher than that of SunTag-ePE2 across the
four genomic loci in HEK293T (Figs. 2 and 3), indicating that the SunTag
system was also feasible in PE3 form.

We next compared the SunTag-ePE3 with canonical ePE3, Split-ePE3,
and MS2-ePE3. As expected, the data in HEK293T cells showed that
SunTag-ePE3 achieved comparable editing levels as canonical ePE3 (up to
39.68%) and higher editing levels than Split-ePE3 and MS2-ePE3 across all
the tested sites in HEK293T cells (Fig. 3). Notably, SunTag-ePE3 showed
higher editing efficiencies compared to Split-ePE3 at multiple loci: 1.21-fold
for single nucleotide deletion at HEK site3; 1.18-1.31-fold across various edit
types at EMX1; 1.23-fold for insertion at FANCEF; and 1.18-fold for insertion
at RNF2. When compared to MS2-ePE3, SunTag-ePE3 exhibited 1.12-1.23-
fold higher efficiency for substitution and deletion at EMX1 and 1.21-fold
higher efficiency for deletion at FANCEF. Since the efficiency of current prime
editors varies by cell types™, we also tested our SunTag-ePE3 system in HeLa
cells at four genomic loci. The editing levels of SunTag-ePE3 were com-
parable to canonical ePE3 across all four tested sites for all desired mutations,
with marginally higher efficiency observed in the SunTag system (Fig. 4). For
substitution edits, SunTag-ePE3 showed enhanced efficiency compared to
canonical ePE3 at site3 (32.69% vs. 29.48%, 1.21-fold), FANCF (39.31% vs.
33.37%, 1.18-fold), and RNEF2 (36.68% vs. 20.43%, 1.80-fold). Similar
improvements were observed for trinucleotide insertions, with SunTag-ePE3
outperforming canonical ePE3 at site3 (51.41% vs. 44.16%, 1.16-fold),
FANCEF (55.86% vs. 51.05%, 1.09-fold), and RNF2 (46.82% vs. 31.28%, 1.50-
fold). For single nucleotide deletions, SunTag-ePE3 maintained superior
performance at site3 (33.27% vs. 26.23%, 1.27-fold), FANCF (44.99% vs.
40.01%, 1.12-fold), and RNF2 (26% vs. 16.67%, 1.56-fold). The above results
indicated that SunTag-PE system was a versatile platform that can accom-
modate different prime editor versions and exhibited slightly higher editing
efficiency than canonical fused-PE in specific mammalian cells.

Similarly, we also evaluated the off-target effects of the SunTag-ePE3
and Fused-ePE3 systems. Deep sequencing data at the EMX1 and FANCF
loci revealed that both the SunTag-ePE3 and Fused-ePE3 systems exhibited
extremely low off-target editing efficiencies at all evaluated sites. This further
indicates that the SunTag-ePE3 system does not significantly increase off-
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Fig. 1 | SunTag-PE system enables efficient prime editing in HEK293T cells.

a SunTag-PE consists of GCN4 fused to the N-terminus of nCas9. b PE-SunTag
consists of GCN4 fused to the C-terminus of nCas9. ¢ Two-plasmid system of
SunTag-PE, one plasmid expressing pegRNA and scFv-RT and the other expressing
nxGCN4 tethered nCas9. d Different configurations of SunTag-PE and PE-SunTag
(the copy number of GCN4 was 1, 2, 3, 5, and 10). e Comparison of CTT insertion
efficiencies of different SunTag-PE2 and PE2-SunTag configurations in HEK3 locus

by deep sequencing. f Comparison of CTT insertion efficiencies of SunTag-PE2 with
N-1xGCN4, deficient SunTag-PE2, Split-PE2, MS2-PE2, and canonical fused PE2 in
HEKS3 locus. Data and error bars indicate the mean and s.d. of three independent
biological replicates. Negative controls represent groups only with pegRNAs,
untreated with PE components. The numbers above the bars represent fold change
between different treatment groups.
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target editing levels at most target sites compared to the standard Fused-
ePE3 system (Fig. 4e, f).

SunTag-PE system is transferable to other orthologs of Cas9
To further validate the modularity of SunTag-PE system, we constructed
SauCas9-SunTag-PE and FrCas9-SunTag-PE to explore whether

SunTag-ePE2

SunTag-PE was applicable to other orthologs of Cas9. SauCas9 is a
smaller Cas9 for all-in-one AAV delivery* and holds tremendous ther-
apeutic potential”*’. FrCas9 is a type II-A Cas9 with high cutting effi-
ciency and high fidelity discovered in our laboratory”. Notably, we
employed active nucleases (SauCas9 and FrCas9) rather than nicking
nuclease to construct the DSB-SunTag-PE system. DSB formation
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Fig. 2 | SunTag-ePE2 achieved efficient PE editing comparable to ePE2 at both
endogenous and exogenous sites. Comparison of SunTag-ePE2 and ePE2 at four
endogenous loci, including HEK3 locus (a), EMX1 locus (b), FANCEF locus (¢), and
RNEF2 locus (d). Each locus contains three types of prime editing, nucleotide
transversion, insertion, and deletion. Negative controls represent SunTag-ePE2 or
ePE2 components without pegRNAs. Off-target analysis of SunTag-ePE2 and
Fused-ePE2 systems at the EMX1 (e) and FANCE (f) target sites. The percentage of
total sequencing reads with desired edits or indels is shown for the on-target and oft-
target site (OT-1 to OT-3). Spacer sequences for the on-target sites are displayed,

with mismatched bases highlighted in red. OT-1: off target site 1; OT-2: off target site
2; OT-3: off target site 3. g The illustration of GFP mutant reporter. It contains a
premature stop codon resulting from a 4 nt deletion frameshift mutation in the GFP
coding sequence, indicated by red pentagram. Once the GTTC sequence is inserted
to the mutation site, it will convert into GFP. h, i The percentage of GFP-positive cells
after SunTag-ePE2 and ePE2 editing. Data and error bars indicate the mean and s.d.
of three independent biological replicates. The numbers above the bars represent
fold change between different treatment groups.
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Fig. 3 | The prime editing efficiency of SunTag-ePE3 was higher than previous
Split-ePE3 and MS2-ePE3 in HEK293T cells. Comparison of SunTag-ePE3 with
canonical fused ePE3, Split-ePE3, and MS2-ePE3 at four endogenous loci, including
HEK3 locus (a), EMX1 locus (b), FANCEF locus (c), and RNF2 locus (d) in
HEK293T cells. Each locus contains three types of prime editing: nucleotide
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transversion, insertion, and deletion. Data and error bars indicate the mean and s.d.
of three independent biological replicates. Negative controls represent four kinds of
PE3 components without pegRNAs. The numbers above the bars represent fold
change between different treatment groups.

followed by NHE] repair inevitably introduces indels, leading to
increased editing byproducts (Supplementary Fig. 6b—e). For SauCas9
DSB-SunTag-PE (Supplementary Fig. 6d), three different types of edits
were attempted at the EMX1 locus: transversion (+3CtoT and +8GtoT),
insertion (+1AAGCTTins), and deletion (+1GGCdel). The precise
editing efficiencies varied substantially among these editing types: the
substitutions showed the lowest efficiency at 0.66%, while insertion and
deletion demonstrated higher efficiencies of 3.7% and 9.10%, respec-
tively. However, regardless of the editing type, SauCas9-mediated indel
frequencies remained consistently high at ~28-30%, suggesting a strong
preference for NHEJ-mediated repair across all editing strategies.
Besides, previous studies revealed that DSB repair will generate undesired
consequences, such as pegRNA scaffold integration through non-
homologous end joining (NHE]) repair pathway” (Supplementary
Fig. 6a). To improve the precise editing efficiency of DSB-SunTag-PE, we
optimized FrCas9-SunTag-PE by removing the RT homology tail of
pegRNA and retaining PBS and intended insertions. By using this sys-
tem, we successfully inserted a short sequence containing a stop codon in
the exon 9 of AKT1 gene. The results demonstrated that FrCas9 achieved

a precise editing (+1GATGAIns) efficiency of 20.29%, while the indel
frequency was lower at 11.51% of total sequencing reads (Supplementary
Fig. 6e). During short-sequence insertion editing by DSB-PE, we
observed that editing byproducts typically emerge following precise
target sequence insertion. This feature makes DSB-PE particularly
valuable for gene knockout applications through stop codon insertion, as
the desired gene disruption can still be achieved even with additional
sequence alterations. These data suggested that the SunTag-PE system is
a modular and easy-to-use platform for constructing PEs with different
Cas9 orthologs. Compared with canonical fused-PE, this kind of tech-
nology transfer is easier and faster due to modularization, providing
more flexibility to prime editing experimental design.

SunTag-ePES3 delivered by dual-AAV

Having validated the efficient PE editing of SunTag-PE, we further test
whether this system can be delivered with two AAV vectors. First, we
used SunTag-PE2 system to install a AsT-to-TeA transversion mutation
in HEK293T HBB gene to construct an HBB mutant cell line’,
mimicking the mutation in sickle cell disease™. Then, we encoded the N-
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HelLa cells. Comparison of SunTag-ePE3 with canonical fused ePE3, Split-ePE3, and
MS2-ePE3 at four endogenous loci, including HEK3 locus (a), EMXI1 locus (b),
FANCEF locus (c), and RNF2 locus (d) in HeLa cells. Each locus contains three types
of prime editing: nucleotide transversion, insertion, and deletion. Negative controls
represent SunTag-ePE3 or ePE3 components without pegRNAs. Off-target analysis
of SunTag-ePE3 and Fused-ePE3 systems at the EMX1 (e) and FANCEF (f) target

sites. The percentage of total sequencing reads with desired edits or indels is shown
for the on-target and off-target sites. Spacer sequences for the on-target sites are
displayed, with mismatched bases highlighted in red. OT-1: off target site 1; OT-2:
off target site 2; OT-3: off target site 3. Data and error bars indicate the mean and s.d.
of three independent biological replicates. The numbers above the bars represent
fold change between different treatment groups.

1xGCN4-nCas9 (4.67 kb) in one AAV vector and the pegRNAs/ngRNA
combination for HBB (T to A) together with scFv-RT in the other
(4.36 kb) (Fig. 5a). Delivery of both vectors to the HBB mutant cells
yielded a mean HBB T-to-A substitution frequency of nearly 25.47%,
whereas delivery of only the pegRNA-ngRNA-scFv-RT did not yield
detectable desired editing (Fig. 5b, c). This modular SunTag-PE addresses
a limitation imposed by size-constrained AAV vectors and avoids
additional step of protein reconstitution imposed by intein sequence used
previously (Split-intein PE2)°.

Discussion
In this study, we developed a modular prime editing system, SunTag-PE,
which is suitable for different versions of PE, including PE2, ePE2, PE3, and

ePE3, and different Cas9 orthologs, such as SauCas9 and FrCas9. During the
optimization of the SunTag-PE system, we observed that the 1xGCN4 at the
N-terminus of nCas9 has the highest efficiency, which is contrary to the
previous report that the more copies of GCN4, the better efficacy (generally
10 GCN4 copies' >’ and the highest up to 24 GCN4 copies'’). We speculated
that the decrease in editing efficiency as the copy number of GCN4 increases
was caused by the steric clashes of multiple copies of scFv-RT. A recent study
also explored the application of SunTag system in prime editing'’. By fusing
a set of 10xGCN4 to the N-terminal or C-terminal of nCas9, the researchers
found that the editing efficiency of SunTag-PE with 10xGCN4 was sig-
nificantly decreased compared to corresponding canonical fused PE3 and
concluded that the SunTag system is not suitable for prime editing"’.
However, in this study, we found that SunTag-PE with N-1xGCN4
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achieved comparable or even higher editing levels than corresponding
canonical fused-PE and definitely higher than other split-PEs. Therefore, we
strongly recommended 1xGCN4 to the N-terminal of nCas9 in future
SunTag-PE research.

We speculated that the high editing efficiency of SunTag-PE system
was derived from two aspects. The first was the enrichment effect of GCN4-
scFv, which was verified by the higher PE editing efficiency of the functional
SunTag-PE system compared to the GCN4-scFv-deficient control (Fig. 1f).
The second was the simultaneous function of free soluble RT, as we observed
that deficient SunTag-PE can also achieve editing similar to split-PE.
Therefore, due to the combination of the two effects, SunTag-PE can obtain
editing levels comparable or higher than canonical fused-PE and split-PE.

Notably, the modular and flexible characteristics of SunTag-PE system
make it an easy-to-use and versatile platform for developing new versions of
the prime editor. We could explore different versions of RT reverse tran-
scriptase or different pegRNA parameters while keeping GCN4-nCas9
unchanged. This advantage will dramatically facilitate the optimization of
PE research. Besides, more and more Cas9 orthologs were validated com-
patible with SunTag system, such as CjCas9*’ and SauCas9. In this study, we
substituted the nSpCas9 of the SunTag-PE system with active SauCas9 and
FrCas9 to construct DSB-SunTag-PE system and successfully install desired
mutation in endogenous loci, not only liberating the SunTag-PE system
from the restriction of the NGG PAM™ but also providing a new DSB
mediated prime editing strategy.

Furthermore, delivery of PEs has been hampered by their large size.
SunTag-PE system provides a new splitting strategy to fit in dual AAV
vectors”. In this study, we employed dual AAVs to deliver SunTag-ePE3
and successfully repaired the pathogenic mutation in an HBB mutant cell
line. One AAV vector encoded the N-1xGCN4-nCas9 (4.67 kb), and the
other encoded a combination of pegRNAs/ngRNA and scFv-RT (4.36 kb).
The smaller size of SunTag-PE leaves more space for the optimization of the
length of pegRNA and new type of RT.

In addition, the reduced size of the PE components could improve the
yields of mRNA/protein production®, easier packaging into the lipid
nanoparticles”, and more efficient entry into cells to achieve higher levels
of PE editing. These advantages will further reduce the manufacturing costs
and improve the therapeutic efficacy™.

Taken together, SunTag-PE system provide a modular splitting PE
strategy with high efficiency and flexibility and pave the way for the clinical
transformation of effective prime editing.

Methods

Plasmids

Plasmids expressing pegRNAs and sgRNA were cloned by Gibson assembly.
sgRNA oligos (including 20-bp U6 promoter, spacer, and 20-bp scaffold)
were synthesized from Genewiz (Suzhou) and cloned into the linearized
PXZ vector by Gibson assembly using Gibson Assembly Master Mix (New
England Biolabs). PegRNA plasmids were constructed by using the plasmid
(Addgene #132778) as PCR template with the forward primers (containing
spacers) and reverse primers (containing PBS and RTT sequences). Then,
the PCR product was subsequently cloned into the linearized PXZ vector by
Gibson assembly. epegRNA linker sequences were designed via pegLIT* to
minimize base pairing between linker and the remainder of the pegRNA.
The sgRNA scaffold fragments with MS2 sequences were synthesized and
followed by Gibson assembly. Sequences of pegRNAs and nicking sgRNAs
were listed in Supplementary Table 1.

PE2 plasmid was obtained from Addgene (#132775). The scFv sequence
was derived from plasmid (Addgene #60904) via PCR. The scFv-RT fragment
was constructed by replacing nCas9 with the scFv sequence in PE2 plasmid,
and this intermediate vector was subsequently assembled with PCR amplified
U6-pegRNA fragment, finally obtaining U6-pegRNA-CMV-scFv-RT plas-
mids. nxGCN4 sequences were derived from plasmid (Addgene #113022) via
PCR, then N terminus or C terminus nxGCN4 of nCas9 plasmids were
constructed, respectively. The RT plasmid was constructed by amplifying the
nCas9 fragment from PE2 via PCR. The MCP sequence was derived from
plasmid (Addgene #85416) via PCR. The MCP-RT plasmid was prepared by
replacing nCas9 with MCP to the N-terminal of M-MLV RT. The
SauCas9 sequence was derived from Addgene #124844 via PCR. FrCas9
sequence was synthesized by Genewiz. All plasmids were verified by Sanger
sequencing and purified with kit (QITAGEN) according to the manufacturer’s
protocol. The plasmid sequences are listed in Supplementary Materials.

Cell culture and transfection

Human Embryonic Kidney 293 T (HEK293T) cell line and HeLa cervical
cancer cell line were purchased from ATCC. These cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS
(Gibco) and incubated at 37 °C with 5% CO,. HEK293T cells were trans-
fected using X-tremeGENE™ HP DNA Transfection Reagent (Roche,
6366244001) according to the manufacturer’s protocol. 1x 10°
HEK293T cells were seeded per well in a 12-well plate overnight. For
canonical fused-PE experiment, 330 ng of pegRNA, 110 ng of nicking
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sgRNA, and 1 pg of PE2 plasmids were used for each well. The same molar
amounts of plasmids were used for SunTag-PE, deficient SunTag-PE, Split-
PE, and MS2-PE. 2 x 10° HeLa cells were electroporated using a Lonza 4-D
Nucleofector with the SE Kit and the CN-114 program. Negative controls
include groups with pegRNAs-only or PE-component-only groups (with-
out pegRNA). All of the transfected cells were further cultured for 72 h and
then were harvested for genomic DNA extraction.

GUIDE-seq experiments and analysis

The double-stranded oligodeoxynucleotide (dsODN) was synthesized by
Sangon Biotech Co. (Shanghai, China). First, we co-transfected 1 ul dssODN
and 1 pg PE plasmids and pegRNAs into HEK293T cell line using SF Cell
Line 4D-Nucleofector™ X Kit (V4XC-2024, Lonza, Germany). After 72 h,
cells were harvested for DNA extraction, followed by dsODN-PCR ver-
ification of effective cleavage. Then, GUIDE-seq libraries were constructed
as the previous study reported; the DNA went through shearing, adding Y
adapters and two rounds of PCR, and were finally sequenced using
MGISEQ-2000RS sequencer with customized settings for 16 bp UMI. Data
was first demultiplexed using in-house python scripts and then analyzed
using guideseq v1.153. The off-targets were identified using the original
standards with mismatches < 6.

AAV vector production and transduction

AAV vectors (AAV DJ capsids) were packaged and produced as
previouslydescribed”. Vector titers were determined by qPCR with ITR-
specific primers. For AAV transduction, 5 x 10* cells were seeded in 24-well
plates and infected with dual AAVs at 10° MOL. Five days post-transduc-
tion, cells were harvested for genomic DNA extraction.

Genomic DNA extraction and PCR

Genomic DNA was extracted with EasyPure® Genomic DNA Kit (Trans-
gen, TEE101-01) according to the manufacturer’s instruction. Then 200 ng
of genomic DNA was used in a PCR reaction using 2xEasyTaq® PCR
SuperMix (Transgen, AS111-01) and primers surrounding the targeting
region. The primer sequences used for amplification of edited locus were list
in Supplementary Table 2.

Sanger sequencing and analysis using EditR
The PCR products were determined by gel electrophoresis and sequenced
by Sanger sequencing (Sangon, Guangzhou). The results were quantified
using the online EditR tool (http://baseeditr.com)’.

Deep sequencing and data analysis

The amplicon PCR products for next-generation sequencing were obtained
through two two-step PCR reactions. In brief, 200 ng genomic DNA was
used as a template for PCR amplification with KAPA HiFi HotStart
ReadyMix (KAPA Biosystems, KK2602) and primer pairs containing an
internal locus-specific region and an outer Illumina-compatible adaptor
sequence. A second PCR reaction targeting the outer-adaptor sequence was
performed to append unique dual index to each amplicon. Amplification
was performed with 25 cycles for the first PCR and 11 cycles for the second
PCR. The sequences of the primers were listed in Supplementary Table 3.
Then, the libraries were sequenced in a MGI 2000 platform with paired-end
150 after library adaptor transformation. For data analysis, after quality
control of the raw sequencing data by fastp with default parameters®, pair-
end reads were merged into one read by FLASH software®. Then, prime
editing efficiency was determined by aligning amplicon reads to a reference
sequence using CRISPRess02*. The fraction of precise editing was calcu-
lated as the desired editing reads/total sequencing reads. The results were
loaded into GraphPad Prism 8.4 for data visualization. Deep sequencing
data were all listed in Supplementary Data 1.

Flow cytometry analysis
Flow cytometry analysis was performed on day 3 after transfection. Cells
were washed with PBS and digested by 0.25% trypsin, followed by

centrifugation and resuspension in PBS with 2% FBS. The GFP signal was
detected by the FITC channel using CytoFLEX Flow Cytometer (Beckman).
Ten thousand events were counted from each sample for FCM analysis.
Data were analyzed by FlowJo v10 software. FCM gating examples for
reporter cells were shown in Supplementary Fig. 4.

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

Data availability

The raw amplicon sequencing data are available in the Sequencing Read
Archive (SRA) under the Bioproject ID PRJNA1228323. Source data are
provided in Supplementary Data 1. Plasmids sequences are provided in
Supplementary Materials.
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