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The prime editor is a versatile tool for targeted precise editing
to generate point mutations, small insertions, or small dele-
tions in eukaryotes. However, canonical PE3 system is less effi-
cient, notably in primary cells or pluripotent stem cells. Here,
we employed RNA polymerase II promoter instead of RNA po-
lymerase III promoter, whose application is limited by specific
DNA contexts, to produce Csy4-processed intronic prime edit-
ing guide RNAs (pegRNAs) and, together with other optimiza-
tions, achieved efficient targeting with poly(T)-containing
pegRNAs, as well as combinatorial and conditional genetic ed-
iting. We also found simultaneous suppression of both DNA
mismatch repair and DNA damage response could achieve effi-
cient and accurate editing in human embryonic stem cells.
These findings relieve the restrictions of RNA polymerase III
(RNA-Pol-III)-based base editors and broadened the applica-
tions of prime editing.
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INTRODUCTION
Pluripotent stem cells are undifferentiated cells that can self-renew
and differentiate into specialized cell types from all three germ layers.
Genome editing of human pluripotent stem cells (hPSCs) offers great
opportunities for in vitro disease modeling, drug discovery, and
personalized medical treatment.1 The recently developed CRISPR-
Cas9-derived genome editing agents, prime editors (PEs), can intro-
duce precise point mutations, small insertions, or small deletions at
desired sites.2 Comparing with previous agents (nucleases and base
editors), PEs display advantages in precise editing without producing
DNA double-strand breaks (DSBs) or Cas-independent off-target
editing in DNA or RNA. In addition, PEs can introduce desired mu-
tations at distances far from single-guide RNA (sgRNA)-targeted
sites, relieving the PAM restriction. Since most of known human-dis-
ease-associated genetic variants are point mutations, small insertions,
or deletions, prime editing exhibits enormous potential in therapeutic
applications. However, canonical PE3 system is less efficient, espe-
cially in primary cells and in vivo, limiting its applications.3–5 Recent
studies successfully employed prime editing to achieve gene
correction in organoids.6,7 Nevertheless, the efficiency of prime
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editing remains low, suggesting an urgent need for further optimiza-
tion of PEs.

To improve prime editing, we and others recently found that the sta-
bility of the 3ʹ region of the prime editing guide RNA (pegRNA) in-
fluences editing efficiency.8,9 Accordingly, we introduced multiple
modifications into the pegRNA to generate ePE3. Specifically, a
hairpin Csy4 recognition site was added to the 3ʹ end of the RNA po-
lymerase III (RNA Pol III)-driven pegRNA, following by a nicking
sgRNA. Stem-ring structure of Csy4 recognition site can preserve
labile 3ʹ region, markedly boosting the prime editing efficiency.8

However, there are some concerns on RNA-Pol-III-based sgRNA
expression in the ePE3 system. First, RNA Pol III transcription can
be easily terminated by four to six contiguous U residues, making it
less ideal for expressing complex RNA structures containing more
than four contiguous U residues.10 Second, RNA Pol III promoter
adds an extra guanine or adenine to the 5ʹ end of sgRNA, resulting
in the sgRNA-DNAmismatch at the 5ʹ end, influencing the efficiency
of high-fidelity SpCas9 variants.11 Third, RNA Pol III promoters are
constitutively and ubiquitously expressed and therefore are not able
to generate gRNAs in context-specific manners.12

RNA-Pol-II-based sgRNAs have been successfully used in a variety of
CRISPR systems, including the recent application in plants to pro-
duce ribozyme-processed pegRNAs.12–16 Here, we upgraded ePE3
with RNA Pol II promoter to develop p2PE3, which displayed high
efficiency for combinatorial genetic editing and for those sites whose
targeted pegRNAs contain poly(T). We also demonstrated that, by
equipping with different RNA Pol II promoters, p2PE3 is also able
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to perform conditional editing. Furthermore, we found p53 serves as a
bottleneck impeding prime editing in human embryonic stem cells
(hESCs), and transient p53 inhibition enables efficient editing in
hESCs using p2PE3, suggesting p2PE3 is a versatile toolkit for PE
applications.

RESULTS
p2PE3 exhibited high editing efficiency in HEK293T

The original PE3 system consists of a pegRNA and a nicking sgRNA
driven by two U6 promoters.2 The ePE3 system uses a single U6
promoter to drive the expression of pegRNA and nicking sgRNA con-
nected by the Csy4 recognition site.8 To obtain RNA-Pol-II-mediated
transcription of pegRNA editing system, we first replaced the U6 pro-
moter with CAG promoter for transcribing a gRNA cassette flanked
by two Csy4 recognition sites to get the p2PE3-1 (Figure 1A).We next
tested the editing efficiency of p2PE3-1 to make substitutions at 10
endogenous target sites in HEK293T cells. Though p2PE3-1 yielded
1.6-fold higher editing efficiency than PE3, it resulted in 1.3-fold
lower editing efficiency compared with ePE3 (Figures 1B and 1C).

Given that most RNA-Pol-II-mediated transcriptions are transported
to the cytoplasm, whichmay attribute the decline of editing efficiency,
we adopted the herpes simplex virus 1 (HSV-1) latency-associated
intron, which can detain the functional gRNA in the nucleus and
protect it from degradation,13 to develop p2PE3-2 (Figure 1A). The
functional gRNAs can be released after the lariat RNA cleavage by
Csy4 (Figure S1A). Encouragingly, p2PE3-2 displayed 2.1-fold higher
editing efficiency than PE3, comparable with the ePE3, although it
also inherited the disadvantage of high indels of ePE3 (Figures 1D
and S1B). Overall, p2PE3-2, termed p2PE3 hereafter, is proven to
be a better RNA-Pol-II-driven pegRNA editing system.

We further investigated the ability of p2PE3 to install precise small
insertions and deletions into the genome. Consistent with the substi-
tutions, p2PE3 showed high editing efficiencies as ePE3 at all six loci
(three insertions and three deletions; Figures 1E and 1F). To demon-
strate the versatility of p2PE3, we tested the performance of p2PE3 in
other cell types (HeLa and U2OS). The editing efficiencies of p2PE3
for making regular edits are comparable, despite being slightly lower,
to ePE3 in U2OS and HeLa cells (44.3% versus 39.9% in U2OS and
56.1% versus 47.5% in HeLa) (Figure S2). In summary, we have
successfully developed a PE system based on RNA-Pol-II-mediated
transcription of pegRNA with the editing efficiency comparable to
the ePE system.

p2PE3 exhibits robust editing performance with pegRNAs

containing poly(T)

We next examined whether p2PE3 functions in case pegRNA
sequences contain four to six deoxythymidine nucleotides in the
non-template strands, which can terminate RNA-Pol-III-mediated
transcription and lead to attenuated CRISPR-Cas9-based genome ed-
iting.17 We compared the efficiency of ePE3 and p2PE3 to insert four
or six deoxyadenosine nucleotides at four endogenous target sites in
HEK293T cells, which will result in four or six thymines in the reverse
2924 Molecular Therapy Vol. 30 No 9 September 2022
transcription template (RTT). Just as expected, poly(T) in pegRNAs
seriously affected editing efficiency of ePE3 (0.1%–34.9% for 4A
and 0%–2.2% for 6A), while p2PE3 still maintained high efficiency
(34.3%–78.7% for 4A and 8.8%–69.5% for 6A; Figures 2A, S3A, and
S3B), demonstrating that the editing efficiency of RNA-Pol-II-driven
pegRNAs of p2PE3 is not affected by poly(T).

Unlike normal sgRNAs, pegRNAs contain the primer binding sites
(PBSs) and the downstream homology sequences in RTTs and there-
fore are more likely to be affected by genomic contexts (Figure 2B). To
better evaluate the advantages of p2PE3, we analyzed the sequences of
pegRNAs targeting human pathogenic genetic variants and found
that there are 11% of pegRNAs containing at least four thymines in
spacers or 3ʹ-extended sequences (Figure 2C). We used p2PE3 to
model six human pathogenic mutations of which targeted pegRNAs
containing poly(T). As anticipated, p2PE3 yielded 13.3-fold higher
editing efficiency than ePE3 (0%–8.4% for ePE3 versus 13.0%–
77.2% for p2PE3; Figures 2D, S3C, and S3D), showing that p2PE3
has stronger potential to target human pathogenic genetic variants.
In order to illustrate p2PE3’s application potential in other occasions,
we further analyzed the incidences of poly(T)-containing pegRNAs in
pegRNAs targeting human canonical splicing sites and targeting
SHP2 gene for saturation mutagenesis screening. We found that
p2PE3 can better target 22.1% of RNA-splicing sites and 25.5% of
amino acids of SHP2 (Figures S3E and S3F), suggesting that poly(T)
pegRNAs are significantly presented in other PE applications besides
correcting pathogenic variants, making p2PE3 advantageous for such
scenarios.

p2PE3 can more effectively target multiple sites

Many human diseases are caused by complex genetic mechanisms.
Modeling polygenic human diseases using CRISPR-Cas9-derived
tools calls for simultaneous expression of multiple sgRNAs. Since
the Csy4-based system can successfully express multiple gRNAs
from a single transcript,18,19 we hypothesized that RNA Pol II pro-
moter exhibits an advantage over RNA Pol III promoter in ex-
pressing long pegRNA-nicking sgRNA cassettes for multiple
targets.

To verify our hypothesis, we first constructed a dual fluorescence
reporter system containing two promoters to express mCherry
and EGFP transcripts with 1-bp frameshift insertion, which can
be repaired by the PE to restore the fluorescence of mCherry and
EGFP (Figure 3A). We found that gRNA cassettes targeting frame-
shift inserts of mCherry and EGFP separately or simultaneously
(Figure S4A) could efficiently restore the fluorescence of mCherry
and EGFP (Figures S4B and S4C). The results showed that
p2PE3 exhibited same efficiencies for single and dual targeting,
while the efficiency of the posterior gRNA cassette targeting EGFP
was decreased when being co-targeted by ePE3 (down 23%;
Figure 3B).

With this, we further assessed the capacity of p2PE3 in combinatorial
genetic editing by modeling childhood-onset cardiomyopathy caused
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Figure 1. Development of RNA-Pol-II-mediated transcription of pegRNA editing system

(A) Schemes for the different production modes of pegRNAs. p2PE3-2 utilized CAG promoter to drive expression of mCherry transcript harboring HSV-1 intron containing

gRNA cassette connected by Csy4 recognition sites. E, exon. (B) Comparison of substitution edits with PE3, ePE3, p2PE3-1, and p2PE3-2 at 10 endogenous target sites in

HEK293T cells is shown. (C and D) Statistical analysis of the editing frequency (C) and indels (D) induced by four editing systems in (B) is shown. (E) Comparison of editing and

indel frequencies with ePE3 and p2PE3 targeting six individual sites for three deletions and three insertions in HEK293T cells is shown. (F) Statistical analysis of intended

editing and indel frequencies from (E) is shown. Data were represented as the mean ± SEM (n = 3 from independent experiments). Two-tailed Student’s t tests were

performed.
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by three missense single-nucleotide variants in MKL2, MYH7, and
NKX2-5.20 We generated three multiplexed arrays with different
gRNA cassette orders (Figure 3C). ePE3 and p2PE3 exhibited similar
editing efficiencies when gRNA cassettes are expressed individually
or when gRNA cassettes are at the first position of arrays. Yet
p2PE3 displayed a significantly higher efficiency of editing over
ePE3, especially when gRNA cassettes are at the third position of ar-
rays (1.8-fold increase; p < 0.0001; Figures 3D, 3E, and S4D). These
results demonstrate the advantage of p2PE3 in combinatorial genetic
editing.
Molecular Therapy Vol. 30 No 9 September 2022 2925
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Figure 2. p2PE3 outperforms ePE3 with pegRNA containing poly-T

(A) Efficiency of ePE3 and p2PE3-mediated insertions of poly(A) at four endogenous target sites in HEK293T cells. (B) Schematic of a pegRNA containing poly(T) to target

genome site is shown. PBS, primer binding site; RTT, reverse transcription template. (C) The proportion of pegRNA containing poly(T) to target known human pathogenic

genetic variants is shown. (D) Efficiency of ePE3 and p2PE3 with pegRNA containing poly(T) at six human pathogenic sites in HEK293T cells is shown. Data and error bars in

(A) and (D) indicated the mean ± SEM of three independent experiments.
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Increasing the prime editing efficiency in hESCs

The outperformance of p2PE3 encouraged us to assess its perfor-
mance in non-transformed cells, such as hESCs. We first tested
p2PE3-mediated base substitution and small targeted deletion in
H1 hESCs. p2PE3 still showed significant but lower editing effi-
ciencies in hESCs (the frequency: 4.3%–17.3%; Figure S5A). A
recent study revealed that DNA mismatch repair (MMR) impedes
2926 Molecular Therapy Vol. 30 No 9 September 2022
prime editing.21 In addition, p53 has been reported to inhibit
CRISPR-Cas9 editing in hPSCs.22,23 Based on those results, we
tested whether transient MMR inhibition by co-expression of a
dominant negative MMR protein (hMLH1NTD-NLS, PE5 strategy)21

and/or transient p53 inhibition by SV40 large T antigen (SV40LT
strategy)24 can improve the editing efficiency of PEs in hESCs.
Excitingly, both strategies significantly increased the editing
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Figure 3. p2PE3 has an advantage in combinatorial genetic editing

(A) Diagram of the dual fluorescence reporter system for comparing combinatorial genetic editing. The prime editors can repair the 1-bp frameshift insertion and restore the

fluorescence of mCherry and EGFP. (B) Statistical analysis of normalized fluorescence ratio is shown, setting the individual gRNA cassette restoringmCherry or EGFP to 1. (C)

Schematic of three multiplexed arrays with pegRNA-nicking sgRNA cassettes targeting MKL2, MYH7, and NKX2-5 is shown. (D) Efficiency of ePE3 and p2PE3 to model

childhood-onset cardiomyopathy mutations using individual gRNA cassettes or multiplexed arrays is shown. (E) Statistical analysis of normalized efficiency of individual

gRNA cassettes or gRNA cassettes in the different position of arrays in (D) is shown, setting the individual gRNA cassettes of ePE3 to 1. Data were represented as the

mean ± SEM (n = 3 from independent experiments). Two-tailed Student’s t tests were performed.
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efficiency of RNA-Pol-II-based PE in hESCs (1.5-fold for PE5
strategy [p2PE5] and 1.7-fold for SV40LT strategy [p2PE3+-
SV40LT]), while the combined use of the two strategies maximized
the editing efficiency (2.6-fold, p2PE5+SV40LT; Figures 4A and 4B).
We then compared editing efficiencies of ePE3 and p2PE3 at six
loci (two substitutions, two insertions, and two deletions) in the
Molecular Therapy Vol. 30 No 9 September 2022 2927
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Figure 4. Controllable prime editing achieved by p2PE3 in hESCs

(A) Comparison of the different strategies to improve editing efficiency of base substitution and small targeted deletion in hESCs. Co-expression of p2PE3 with dominant

negative MLH1 (p2PE5), SV40 large T antigen (p2PE3+SV40LT), or both (p2PE5+SV40LT) was tested. (B) Statistical analysis of the editing frequency in (A) is shown. Two-

tailed Student’s t tests were performed. (C) Editing and indel frequencies of inducible p2PE3 system combining with PE5 and SV40LT strategies are shown, comparing with

or without doxycycline (Dox). Data were represented as the mean ± SEM (n = 3 from independent experiments).
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presence of hMLH1NTD-NLS and SV40LT (ePE5+SV40LT and
p2PE5+SV40LT). Interestingly, the editing efficiency of p2PE3 is
still lower than that of ePE3 in hESCs (59.3% versus 24.3%)
(Figures S5B and S5C), which could be attributed to the activity
of CAG promoter in hESCs. Those results, together with previous
ones, suggest that p2PE3 (RNA Pol II) and ePE3 (RNA Pol III) sys-
tem, as well as efficiency-boosting methods, should be chosen based
on pegRNA properties, applications, and cell types.

As PE5 strategy only enhances small (<15 bp) targeted indels,21 we
next evaluated whether SV40LT strategy can increase the efficiency
of insertion 27-bp hemagglutinin (HA) tag in stemness- or lineage-
specific genes (SOX2, TROP2, and SOX17) in hESCs. We first tested
the editing efficiency of ePE3 and p2PE3 for insertion HA tag in
HEK293T (Figure S6A) and then applied them to hESCs. There is
no significant difference between ePE3 and p2PE3 for insertion
HA tag, and their efficiencies could be boosted to �10% by co-
expression with SV40LT (5.6-fold increase; Figures S6B–S6D). The
increased corresponding edit:indel ratios also suggest that p53 en-
hances the editing efficiency to the greater extent than induces in-
2928 Molecular Therapy Vol. 30 No 9 September 2022
dels (Figure S6E). Finally, given that p53 inhibitor might affect
the functional features of hESCs, we evaluated the effect of transient
expression of SV40LT on cell proliferation and stemness gene
expression and found these features were minimally affected (Fig-
ure S7). Together, these results indicate that transient inhibition
of p53 is a valid strategy to improve the editing efficiency of primer
editors in hESCs.

Controllable prime editing achieved by p2PE3 in hESCs

As mentioned above, RNA Pol III promoters are constitutively ex-
pressed and therefore are not able to generate gRNAs in conditional
manners. Since the expression of RNA Pol II promoters can be induc-
ible or specific in different cell types, we constructed an inducible
p2PE3 system (i-p2PE3) in TetON-3G-expressing hESCs by replac-
ing CAG promoter with doxycycline-inducible TRE3GS promoter.
The i-p2PE5+SV40LT system achieved high editing efficiency upon
the treatment of doxycycline in hESCs (up to 47.3%), while the editing
was hardly monitored in the absence of doxycycline (Figure 4C). This
result suggests that p2PE3 is able to perform conditional editing using
specific promoters.
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Figure 5. Evaluating the specificity of co-expression strategy through WGS and RNA-seq

(A) Summary of total unique variants detected by WGS in control and edited samples. Control: H1 hESCs were transfected with EGFP plasmid; edited: H1 hESCs were

transfected with pEF1a-PE2-P2A-Csy4, p2PE3 gRNA cassette targeting GPSM2 site, and pEF1a-SV40LT-P2A-hMLH1NTD-NLS plasmids. (B) Mutation frequency of total

variants is shown. Two-tailed Student’s t tests were performed. (C) Potential off-target sites of pegRNA and nicking sgRNA were predicted by Cas-OFFinder considering up

to 5-bp mismatch in protospacer with NRG PAM. (D) Summary of single-nucleotide variants and indels detected by RNA-seq in control and edited samples is shown. (E)

Distribution of RNA editing types in control and edited samples is shown.
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Specificity of co-expression strategy in hESCs

Though it has been proven that PEs exhibit high specificity in human
cells, plants, and hESCs,25–27 we asked whether transient inhibiting of
p53 and MMR will lead to off-target effects. To this end, plasmids ex-
pressing the editor, hMLH1NTD-NLS, SV40LT, and p2PE3 gRNA
cassette targeting GPSM2 site were co-transfected into hESCs and
the transfected cells were sorted for whole-genome sequencing
(WGS) and RNA sequencing (RNA-seq) 48 h later. hESCs transfected
with EGFP-expressing plasmid were used as control, and untreated
cells were used to eliminate the background (Figures S8A and S9A).
With the high efficiency of on-target editing (GPSM2 +1 C del)
observed by WGS (Figure S8B), we investigated the magnitudes and
frequencies of DNA variants and found that the use of p2PE5 plus
SV40LT did not triggerDNA randommutations; its level was indistin-
guishable from control (Figures 5A and 5B). We also confirmed there
is no sgRNA-dependent off targeting by comparingwith predicted off-
target sites (Figure 5C). Finally, we evaluated the influence of p2PE5
plus SV40LT on the transcriptome. Transient inhibiting of p53 and
MMR caused nuanced changes in gene expression (Figure S9B),
with differentially expressed genes enriched in the p53 signaling
pathway (Figure S9C). Those genes were down-regulated in the treat-
ment group (Figure S9D), confirming the effect of expressing SV40LT.
In addition, co-transfection did not cause redundant mutations or
changes in mutation types in the transcriptome (Figures 5D and 5E).

DISCUSSION
With its great potential in precise editing, PE optimization is
extremely desired. In this study, we utilized RNA Pol II promoter
to produce Csy4-processed intronic pegRNAs to develop p2PE3
and demonstrated its advantage to target human pathogenic genetic
variants and model polygenic human diseases. We also achieved
controllable prime editing in hESCs, suggesting that the p2PE3 sys-
temwith changeable RNA Pol II promoters could be a versatile toolkit
for PE applications.

Although PEs do not make blunt DNA DSBs theoretically, PE3 nicks
both strands of DNA, which may also trigger p53 responses. A previ-
ous study suggested that transient p53 inhibition may facilitate
genome editing recovery in primary and p53+/+ cell lines.28 More
recently, other studies have confirmed the selection of correctly edited
colonies led to the accumulation of p53-inactivating mutations by
CRISPR-Cas9.29,30 We found that, by transient expression of SV40
large T-antigen, editing efficiencies of PE-mediated base substitution,
small targeted deletion, and longer targeted insertion (HA-tag
Molecular Therapy Vol. 30 No 9 September 2022 2929
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insertion, 27 bp) could be enhanced in hESCs. Those observations
strengthen the speculation that p53 limits prime editing in non-trans-
formed cells. It merits further investigations for the detailed molecu-
lar and cellular mechanisms.

Transient inhibition of p53 has been employed in clinical-relevant
applications, such as the generation of human induced pluripotent
stem cells.31 In hESCs, although inhibition of p53 enhances the edit-
ing efficiency to a greater extent, it still induces indels. This problem
could be alleviated by sequencing hESC clones. We also confirmed
that p2PE5 and SV40LT did not trigger DNA or RNA mutations at
both genome-wide and transcriptome-wide level. These findings sup-
port the strategy of incorporation of transient p53 inhibition into
CRISPR-Cas9-based genome-engineering applications. Therefore,
the SV40LT strategy could be a reliable method to further increase
the editing efficiency of PE5 system in primary and wild-type
p53 cells.

In summary, our results suggest that p2PE3 shows an impressive
editing efficiency on targeting pathogenic genetic sites, making
combinatorial genetic edits, and performing conditional genomic ed-
iting. Transient inhibition of p53 significantly could further enhance
the efficiency of PEs in non-transformed cells. The RNA-Pol-II-based
PE would therefore expand the reach of RNA-Pol-III-based PE for
applications in vitro and in vivo.

MATERIALS AND METHODS
Plasmid construction

Using ClonExpress MultiS Cloning Kit (Vazyme), we modified the
pCMV-PE2 (Addgene plasmid no. 132775) and pGL3-U6-sgRNA-
EGFP (Addgene plasmid no. 107721) plasmids with several different
transgenes.We replaced promoter of pCMV-PE2 with EF1a promoter
and addedCsy4 intoPE2downstream to create pEF1a-PE2-P2A-Csy4.
To construct RNA-Pol-II-mediated transcription of pegRNA-editing
system, we first replaced U6-sgRNA of pGL3-U6-sgRNA-EGFP with
mCherry fragment under control of CAG promoter. The HSV-1 la-
tency-associated intron harboring two Csy4 recognition sites, two
BsaI restriction sites, and one gRNA scaffold was synthesized and in-
serted between K52 and V53 of mCherry. For construction of
pegRNA-nicking sgRNA cassettes, oligos were synthesized, annealed,
and cloned into BsaI site of the sgRNA expression vector according
to the methods described in our previous study.8 pegRNA and nicking
sgRNAwere designed by PrimeDesign32 and listed in Table S1. pEF1a-
hMLH1NTD-NLS was a gift from David Liu (Addgene plasmid no.
174826). The sequence of SV40LT was synthesized and inserted into
hMLH1NTD-NLS upstream or replaced it. To construct inducible
RNA-Pol-II-mediated transcription of pegRNA-editing system,
TRE3GS promoter was synthesized and replaced the CAG promoter.
The expression plasmid of TetON-3G protein was a gift from David
Vereide (Addgene plasmid no. 104543).

Cell culture and transfection

HEK293T, HeLa, and U2OS cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Hyclone), supplemented with
2930 Molecular Therapy Vol. 30 No 9 September 2022
10% fetal bovine serum (FBS) (v/v) (Gemini) and 1% penicillin strep-
tomycin (v/v) (Gibco). Cells were seeded on 24-well plates and trans-
fected at approximately 70% confluence using Lipofectamine 2000
(Thermo Scientific) according to the manufacturer’s protocol. H1
hESCs was routinely cultured in mTeSR1 (STEMCELL Technologies)
on Matrigel (STEMCELL Technologies)-coated plates. Cells were
passaged every 4 days using Gentle Cell Dissociation Reagent
(STEMCELL Technologies). The day before transfection, cells
were dissociated with Accutase (Thermo Scientific) and plated
50,000–75,000 cells/well in the precoated 24-well plate with 10 mM
Y-27632 (Tocris). Lipofectamine Stem reagent (Thermo Scientific)
was used to transfect H1 hESCs according to the manufacturer’s
protocol. A total of 400 ng pEF1a-PE2-P2A-Csy4, 300 ng
pegRNA, 100 ng corresponding nick sgRNA (where indicated),
300 ng hMLH1NTD-NLS or SV40 Large T Antigen or SV40LT-
hMLH1NTD-NLS plasmid (where indicated), and 200 ng TetOn-3G
plasmid (where indicated) were transfected into cells per well.
Forty-eight hours (for H1 hESCs) or seventy-two hours (for
HEK293T, HeLa, and U2OS cells) after transfection, EGFP-positive
cells were collected from fluorescence-activated cell sorting (FACS).
Cell counting was performed using Countess II Automated Cell
Counter (Invitrogen) by trypan blue staining.

Genomic DNA extraction and amplification

Genomic DNA of cells was extracted using QuickExtract DNA
Extraction Solution (Lucigen) or DNA extraction reagent (solarbio)
according to manufacturer’s protocols. The isolated DNA was
PCR amplified with Phanta Max Super-Fidelity DNA Polymerase
(Vazyme). Primers used were listed in Table S2.

Targeted deep sequencing

Target sites were amplified fromextracted genomicDNAusing Phanta
Max Super-Fidelity DNA Polymerase (Vazyme). PCR products with
different barcodes were pooled together for deep sequencing using Il-
lumina NovaSeq (PE150) at the Annoroad Gene Technology, Beijing,
China. Primers used for deep sequencing were listed in Table S2.
Sequencing reads were demultiplexed using AdapterRemoval
(v.2.2.2), and the pair-end reads with 11 bp or more alignments were
combined into a single consensus read. All processed reads were
then mapped to the target sequences using the BWA-MEM algorithm
(BWA v.0.7.16). Prime editing efficiency was calculated as percentage
of (number of reads with the desired edit that do not contain indels)/
(total mapped reads). Indel frequency was calculated as number of
indel-containing reads/total mapped reads.

Whole-genome sequencing

DNA extracted from harvested cells was sequenced using Illumina
NovaSeq (PE150) at the Annoroad Gene Technology, Beijing, China.
All cleaned reads were mapped to the human reference genome
(GRCh38/hg38) using BWA v.0.7.17 with default parameters.
Sequence reads were removed for duplicates using Sambamba
v.0.6.7. Variants were identified by GATK (v.4.1.8.1) MuTect2 and
filtered with FilterMutectCalls. The depth for a given variant for
each individual should be between one-third to 3-fold of
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corresponding mean depth, and these variants were required to have
at least three of reads supporting the variant. Potential off-target sites
were predicted by Cas-OFFinder.33

RNA analysis

RNA was immediately extracted from harvested cells using Total
RNA Extraction Reagent (Vazyme, and sequenced using Illumina
NovaSeq (PE150) at the Annoroad Gene Technology, Beijing, China.
All cleaned reads were mapped to the human reference genome
(GRCh38/hg38) by STAR software (v.2.7.9a), using annotation
from GENCODE v.30. After removing duplications, variants were
identified by GATK (v.4.1.8.1) MuTect2 and filtered with
FilterMutectCalls. The depth for a given variant should be at least
10�, and these edits were required to have at least three of reads sup-
porting the variant. Differential gene expression analysis was per-
formed using DESeq2_1.30.0. For qRT-PCR, cDNA was generated
using the HiScript II Q RT SuperMix (Vazyme), RNA expression
was measured with ChamQ SYBR qPCR Master Mix kit (Vazyme),
and GAPDH expression was used as control.

Availability of data and material

High-throughput sequencing data were deposited in the NCBI
Sequence Read Archive database under accession code NCBI:
PRJNA789416. All other data are available upon reasonable request.
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Figure S1. Analysis of pol II-mediated transcription of pegRNA editing system. (A) A diagram 

shown how functional pegRNAs were generated from introns in pol II-mediated transcripts. 

mCherry was used as the harboring gene. A P2A peptide was used to link Csy4 with PE2. E: Exon. 

(B) Comparison of indels with PE3, ePE3, p2PE3-1 and p2PE3-2 at ten endogenous target sites in 

HEK293T cells. Data were represented as the mean ± SEM (n = 3 from independent experiments). 

  



2 

 

0

20

40

60

80

100

Untreated ePE3 p2PE3

p = 0.0243

p = 0.4376
Intended edit

Indels

0

20

40

60

80

100

T
o
ta

l s
e
q
u
e
n
ci

n
g
 r

e
a
d
s 

w
ith

th
e
 s

p
e
ci

fie
d
 m

o
d
ifi

ca
tio

n
 (

%
)

Untreated ePE3 p2PE3

p = 0.3614

p = 0.6093

RIT1
+5 G to A

MSH2
+2 G to C

CTLA4
+2 TCA ins

FANCF
+1 ACT ins

PDCD1
+4 G del

RNF2
+1 CTG del

0

20

40

60

80

100

T
o
ta

l s
e
q
u
e
n
ci

n
g
 r

e
a
d
s 

w
ith

th
e
 s

p
e
ci

fie
d
 e

d
it 

o
r 

in
d
e
ls

 (
%

)

Untreated ePE3 p2PE3 Indels

RIT1
+5 G to A

MSH2
+2 G to C

CTLA4
+2 TCA ins

FANCF
+1 ACT ins

PDCD1
+4 G del

RNF2
+1 CTG del

0

20

40

60

80

100

T
o
ta

l s
e
q
u
e
n
ci

n
g
 r

e
a
d
s 

w
ith

th
e
 s

p
e
ci

fie
d
 e

d
it 

o
r 

in
d
e
ls

 (
%

)

Untreated ePE3 p2PE3 Indels
A

B

C D

 

 

Figure S2. The performance of ePE3 and p2PE3 in U2OS and Hela. (A, B) Comparison of 

editing and indel frequencies with ePE3 and p2PE3 targeting 6 individual sites (2 substitutions, 2 

insertions and 2 deletions) in U2OS (A) and Hela (B) cells. (C, D) Statistical analysis of intended 

editing and indel frequencies in U2OS (C) and Hela (D) cells. Data were represented as the 

mean ± SEM (n = 3 from independent experiments). Two-tailed Student’s t-tests were performed. 
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Figure S3. Analysis of ePE3 and p2PE3-mediated editing with pegRNA containing poly(T). 

(A, B) Summary of editing efficiency (A) and indels (B) of ePE3 and p2PE3-mediated insertions of 

poly(A) at four endogenous target sites in HEK293T cells. (C, D) Summary of editing efficiency 

(C) and indels (D) of ePE3 and p2PE3-mediated editing with pegRNA containing poly(T) at six 

human pathogenic sites in HEK293T cells. Data and error bars indicated the mean ± SEM of three 

independent experiments. Two-tailed Student’s t-tests were performed. (E) The proportion of 

pegRNA containing poly(T) to target known human canonical splice sites. (F) the proportion of 

poly(T) in the pegRNAs targeting SHP2 gene to make saturation mutagenesis library. 
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Figure S4. The performance of ePE3 and p2PE3 in combinatorial genetic editing. (A) Diagram 

of the pegRNA-nicking sgRNA cassettes restoring the fluorescence of mCherry, EGFP or the dual-

color fluorescence. Harboring gene of p2PE3 was replaced with irrelevant transcript. (B) The 

fluorescence of restored mCherry and EGFP determined by microscope images. Scale bars, 100 μm. 

(C) Analysis of fluorescence by flow cytometry. Additional blue fluorescent protein (BFP) 

fluorescence was used to indicate cell transfection. The percentage was calculated as the number of 

positive cells/total transfected cells. (D) Indels of ePE3 and p2PE3 to model childhood-onset 

cardiomyopathy mutations. Data were represented as the mean ± SEM (n = 3 from three independent 

experiments).  
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Figure S5. The comparison of editing efficiency of ePE3 and p2PE3 in hESCs. (A) Efficiency 

of p2PE3-mediated base substitution and small targeted deletion in hESCs. (B) Comparison of 

editing and indel frequencies with ePE3 and p2PE3 targeting 6 individual sites (2 substitutions, 2 

insertions and 2 deletions) in the presence of hMLH1NTD-NLS and SV40LT (ePE5+SV40LT and 

p2PE5+SV40LT) in hESCs. (C) Statistical analysis of intended editing and indel frequencies in (B). 

Data were represented as the mean ± SEM (n = 3 from independent experiments). Two-tailed 

Student’s t-tests were performed. 
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Figure S6. Editing efficiency of long targeted insertions. (A) Efficiency of ePE3 and p2PE3-

mediated long targeted insertion (HA-tag insertion, 27 bp) in HEK293T. (B) Transient p53 

inhibition increased efficiency of ePE3 and p2PE3-mediated long targeted insertion in hESCs. (C, 

D) Statistical analysis of the editing frequency (C) and indels (D) in (B). (E) Relative edit:indel 

ratios associated with ePE3 and p2PE3-mediated editing enhanced by SV40LT. The levels of the 

ePE3 group were set as 1. The results correspond to those shown in (B). Data were represented as 

the mean ± SEM (n = 3 from independent experiments). Two-tailed Student’s t-tests were performed. 
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Figure S7. Evaluating the effect of p53 inhibition on hESCs. (A, B) Cells were assayed for 

growth 0, 24, 48 and 72 h after transfection with 200 ng (A) or 500 ng (B) of EGFP or SV40LT 

expression plasmid. (C, D, E) The expression of stemness gene at different time points in (B). Data 

were represented as the mean ± SEM (n = 3 from independent experiments). 
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Figure S8. The information of whole genome sequencing. (A) Sequencing statistics of whole 

genome sequencing samples. Control: H1 hESCs were transfect with EGFP plasmid; Edited: H1 

hESCs were transfect with pEF1a-PE2-P2A-Csy4, p2PE3 gRNA cassette targeting GPSM2 site and 

pEF1a-SV40LT-P2A-hMLH1NTD-NLS plasmids. (B) Confirmation of the on-target editing 

(GPSM2 +1 C del) by analyzing the whole-genome sequencing results. 
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Figure S9. The differential expression analysis of RNA sequencing. (A) Sequencing statistics of 

RNA sequencing samples. Control: H1 hESCs were transfect with EGFP plasmid; Edited: H1 

hESCs were transfect with pEF1a-PE2-P2A-Csy4, p2PE3 gRNA cassette targeting GPSM2 site and 

pEF1a-SV40LT-P2A-hMLH1NTD-NLS plasmids. (B) The differentially expressed genes of edited 

samples comparing with control. (C) A dot plot to visualize the rich KEGG pathway from the 

differentially expressed genes. (D) The GSEA enrichment plot showed down-regulation of p53 

signaling pathway in edited samples. 
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Table S2. Primers used in this study 

 

Name Forward primer Reverse primer 

site1 GTATGGAAAGGTAAGGCACTG TCCATGCTTCCTGTCAAATGG 

site2 CTCAGCATTCAGTGCTCTCC TCGCATTTGCACTAGTCCTC 

site3 GGCTGAGAGGACTGATCTTTCT TCGACCTCGAGGAGACAATG 

site4 ACGTAGGAATTTTGGTGGGAC GTTTACACGTCTCATATGCC 

site5 GAGCCCTCACTTTGGGTGTT CCTCATTGCCAATGGATCAG 

site6 CTCTAGGTGATGCTCAAGATG ATTTTGGGCAAGGTCTGCGT 

site7 AGAAAACAGGATGACCCCGATG GACATTGTGGCCATCATTCC 

site8 ACGTTGAGCTGTGCAGAGAA TTGAAGCCAACCCACACAGT 

site9 GGCAAACAAGGGAGTAATTC AGAGAGACGGGAAGCCATTG 

site10 CTGCTGGGAGATGTAGTCCAT TTTGTGCGGTCGGGTAAACA 

BRCA1 TAGCTTCTTAGGACAGCACTTC GGTAACTCAGACTCAGCATCAG 

COL1A2 ACAGAAACCACAGACTAGGGA GTGTGGTTCTTAGATGAATGCT 

GPSM2 CAGATTAGGTAGCATGTCTCTC AGTCAGCTGTTGGGACAATC 

ADGRV1 GCAGCTGTCCTCTGAAAGATA GAAAGCCGCCTATCGGAAAG 

OL9A1 GATGTCTTCATTTAGGTGGGAGA CTTAGATGGGCCTACATGACTG 

TSC1 GGCACATTGGTCTTTGAACC TGGTATGGAGCACTCTGTTG 

MKL2 CTTGGCTCCTCCATCAAAGAT CTGCGTGGTCAGTAAAGCCT 

MYH7 TCTCATCCCACCATGCCAGT ACCAACTTTGCTACTTGCCT 

NKX2-5 CCTCCACGAGGATCCCTTAC GGTACCGCTGCTGCTTGAA 

SOX2 TTCACATGTCCCAGCACTAC TCATTTGCTGTGGGTGATGG 

TROP2 GCTGCACACGGTCATCTTG CCTGCAGACCATCCCAGA 

SOX17 TGGGTACGCTGTAGACCAGA TCTGGTCGTCACTGGCGTAT 

RIT1 GTATGGAAAGGTAAGGCACTG TCCATGCTTCCTGTCAAATGG 

MSH2 CTCAGCATTCAGTGCTCTCC TCGCATTTGCACTAGTCCTC 

CTLA4 ATGCATCTCCAGGCAAAGCC CTTGCAGATGTAGAGTCCCG 

FANCF CCTGCGCCACATCCATCGGC TGCACCAGGTGGTAACGAGC 

HEXA GAGAGCTCGCCCAACATCGC CCTGTTCTTGCCAGCAGGGC 

PDCD1 GCACTGCCTCTGTCACTCT CCGACCCCACCTACCTAAGA 

PRNP TGAGCAGCTGATACCATTGC GCGGTTGCCTCCAGGGCTGC 

RNF2 CCTCGCTCGCTCGCTCCTTC CAGCCCAGGGCTCCGCTGGC 

GAPDH-qPCR GGCCCCCTCAAGGGCATCCT GGGCCATGAGGTCCACCACC 

NANOG-qPCR TGTTTGGGATTGGGAGGCTT GCACAACCAACAAATTAGGGGA 

OCT4-qPCR GTGGAGGAAGCTGACAACAATG TCTCACTCGGTTCTCGATACTGG 

SOX2-qPCR GACCAGCTCGCAGACCTACATG ACTTGACCACCGAACCCATG 
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