nature communications

Article

https://doi.org/10.1038/s41467-025-59120-7

Circular RNA-mediated inverse prime editing

in human cells

Received: 24 January 2025

Accepted: 9 April 2025

Published online: 31 May 2025

Ronghong Liang™®, Shan Wang"4, Yibo Cai?, Zhenyu Li"?, Ka Ming Li3,
Jingjing Wei', Chao Sun', Haocheng Zhu', Kunling Chen' & Caixia Gao ® "2

M Check for updates

Prime editors are restricted to performing precise edits downstream of clea-
vage sites, thereby limiting their editing scope. Therefore, we develop inverse
prime editors (iPEs) that act upstream of the nickase cleavage site by replacing
nCas9-H840A with nCas9-D10A, but the editing efficiencies are limited. To
address this limitation, we develop circular RNA-mediated iPEs (ciPEs),
achieving editing efficiencies ranging from 0.1% to 24.7%. Further optimization
using Rep-X helicase increases editing efficiencies to a range of 2.7%-55.4%. The
Rep-X-assisted ciPE system thus expands the scope of editing and improves
efficiencies at genomic sites that are previously difficult to target. The Rep-X-

assisted ciPE system will complement canonical PE system in enabling more
extensive and efficient editing across a wider range of the human genome.

Precise genome editing is essential in various fields such as biological
research, medical studies, and crop breeding'™*. Prime editors, which
generate precise base substitutions and accurate insertions and dele-
tions of small DNA fragments, are powerful tools for achieving such
precision®®. Canonical prime editing system utilizes a reverse tran-
scriptase together with a non-target strand (NTS) nickase, such as
nCas9-H840A’ ™ or nCasl2a-R1138A", to produce edits downstream of
the cleavage sites (Fig. 1a). However, due to the absence of reverse
transcriptases capable of polymerizing DNA in the 3’ > 5’ direction™",
prime editors are generally limited to producing precise edits down-
stream of their cleavage sites (Fig. 1a), thereby limiting the editing
scope. In this study, we report the development of an inverse prime
editor (iPE) system utilizing a target strand (TS) nickase, nCas9-D10A,
for inverse prime editing. We initially develop iPE editors by replacing
the nCas9-H840A nickase with nCas9-D10A. However, these iPE edi-
tors exhibit limited prime editing efficiency, with a maximum editing
rate of only 8.6%. We hypothesize that this limitation might be due to
inefficient unwinding of the primer binding site (PBS) within the iPE
editors. To address this issue, we design circular RNA-mediated iPEs
(ciPEs) that utilize the unique properties of circular RNA to enhance
the efficiency of inverse prime editing. The ciPE editors result in a
significant improvement, with an efficiency of 0.1%-24.7%. To further
improve efficiency, we incorporate a modified 3’ > 5 helicase, Rep-X,
as an auxiliary protein, and this increases inverse editing efficiency to

2.7%-55.4%. Our Rep-X-assisted, circular RNA-mediated ciPE system
widens the scope of prime editing and improves efficiency at genomic
sites that are previously difficult to target.

Results
Developing inverse prime editors (iPEs) using nCas9-D10A
A prime editor generally contains three components: a Cas9 nickase
(nCas9-H840A), a reverse transcriptase (Moloney-murine leukemia
virus reverse transcriptase, M-MLV RT), and a prime editing guide RNA
(pegRNA) (Fig. 1a)*’. To achieve prime editing upstream of the clea-
vage site (inverse prime editing), we utilized nCas9-D10A nickase”
instead of nCas9-H840A to generate inverse prime editors (iPE editors,
Fig. 1b). The nCas9-D10A nickase has been demonstrated to exhibit
more specific nickase activity, resulting in fewer double-strand breaks
(DSBs) and producing fewer insertion and deletion (InDel)
byproducts®. Initially, we developed iPE2 utilizing the nCas9-D10A,
M-MLV RT, and pegRNA. Additionally, we developed three other
inverse prime editors: iPE3, by adding a nicking sgRNA® based on iPE2;
iPE4, by adding a negative inhibitor of MLH1 (MLH1dn)’; and iPES, by
integrating both factors, based on the corresponding canonical prime
editors PE2, PE3, PE4, and PES.

We initially tested the inverse prime editing efficiencies of iPE
editors, including iPE2, iPE3, iPE4, and iPES, at HBB, HEXA, FANCF, and
PDCDI target sites in HEK293T cells (Fig. 1c). We found that these iPE
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editors produced only very low prime editing efficiencies, ranging
from 0.04 to 1.06% at four target sites, and the average editing effi-
ciency was 0.3%. The PEmax editors with non-target DNA strand
nickase, H840A-Cas9, have been shown to perform more efficiently
than PE editors’. We constructed iPEmax editors using target DNA
strand nickase, D10A-Cas9, instead of non-target DNA strand nickase
of H840A-Cas9, and inverse pegRNAs based on PEmayx, including iPE-
max2, iPEmax3, iPEmax4, and iPEmax5, to perform inverse prime
editing. We tested the inverse prime editing efficiencies of iPEmax
editors at DMD, ETSI-T1, FANCF, and PAH target sites in HEK293T cells
(Fig. 1d). The results showed that the iPEmax editors still produced low
inverse prime editing efficiencies (average 2.0% for iPEmax2-5 at the
four sites, maximum 8.6% for iPEmax2 with epegRNA at the DMD site),
although the inverse editing efficiencies of the iPEmaxs were higher
than those of the iPE editors (Fig. 1d).

Current studies suggest that the high efficiency of canonical
prime editors is largely due to the placement of their primer binding
sites (PBSs) within the R-loop region produced by the nickase'®".
CRISPR-Cas9 can efficiently unwind DNA double strands within a 20-bp
range'®”, facilitating PBS binding and enabling M-MLV RT to generate
flap sequences containing the desired edits, thereby achieving efficient
prime editing through intracellular repair systems™ . However, in the
inverse prime editors, the PBS downstream of the target site where
DNA unwinding is less efficient, thereby significantly hindering reverse
transcription and leading to reduced efficiency of inverse prime edit-
ing (Fig. 1c, d).

We therefore sought to develop an efficient method for achieving
inverse prime editing at target sites. Previous studies have suggested
that cellular repair systems temporarily unwind the double helix near
double-strand breaks (DSBs) during the repair process'®". In addition,
it has been shown that prime editors developed with WTCas9 (wild-
type Cas9) exhibit greater efficiency than canonical prime editors***.
We hypothesized that DSBs induced by WTCas9 might activate repair
systems to unwind the DNA, thereby facilitating PBS binding to single-
strand DNA, thereby enhancing inverse prime editing efficiency.
Therefore, we developed nuclease-dependent inverse prime editors
(nu-iPEs) with WTCas9 (Supplementary Fig. 1a). We tested the nu-iPE2
in a HEK293T GFP reporter system. This GFP reporter system contains
aone-base “G” deletion and two substitutions of “C” and “G” in the GFP
coding sequences, which result in a frameshift and amino acid sub-
stitutions, respectively. Only precise inverse prime editing events can
restore the fluorescence of GFP (Supplementary Fig. 1b, c). We
observed that the inverse prime editing efficiency of nu-iPE2 was sig-
nificantly higher than that of the nickase-dependent inverse prime
editor iPE2 (Supplementary Fig. 1d). This increased efficiency was also
observed at endogenous target sites in RNF2, RUNXI-T1, DMD, and
FANCF in HEK293T cells, where nu-iPE2 achieved inverse prime editing
frequencies of 1.8%, 3.1%, 3.4%, and 5.8%, respectively, representing
6.2-, 35.9-, 1.7, and 32.1-fold improvements over iPE2 (Supplemen-
tary Fig. le).

Circular RNA-mediated inverse prime editors using nCas9-D10A
Although nuclease-dependent inverse prime editors demonstrated
more efficient inverse prime editing, they also generated many InDel
byproducts, which limit their potential for treating genetic diseases™.
To address this, we sought another method to improve the efficiency
of inverse prime editing without inducing extensive DSBs, thereby
reducing the occurrence of InDel byproducts. We focused on circular
RNA to improve editing efficiency. Previous studies have shown that
circular RNAs can bind to specific genomic regions, generating R-loop
structures that regulate gene expression and influence various biolo-
gical functions of genes* *. Moreover, the loop structure of circular
RNAs makes them resistant to degradation by RNA exonucleases,
leading to a more stable state of the RTT-PBS components of

pegRNA?, which has been shown to be important for achieving high
prime editing efficiency”’*.

We hypothesized that circular RNA might aid in unwinding DNA
upon stable binding, thereby enhancing inverse prime editing. To test
this, we developed nickase-dependent circular RNA-mediated inverse
prime editors (ciPE editors), consisting of the nCas9-D10A (with only
the D10A substitution relative to wild type), MCP-M-MLV RTARNase H
(with the RNase H domain removed from the C terminal M-MLV RT
reverse transcriptase)”, as well as an sgRNA, and a circular RNA con-
taining reverse transcriptase template (RTT) and PBS sequences, using
the “Tornado” circular RNA durable expression system® (Fig. 2a, b).
The circular RNA also contained two MS2 hairpin sequences for
recruiting MCP-M-MLV RTARNase H. We tested these inverse prime
editing editors at various target sites in HEK293T cells (Fig. 2c). Nota-
bly, the editing efficiency of circular RNA-mediated ciPE2 was sig-
nificantly higher than that of split iPE2, which uses M-MLV RTARNase
H. Specifically, the inverse editing efficiency of circular RNA-mediated
ciPE2 at the DMD, FANCF, HEK3, and RNF2 sites reached 7.5%, 2.0%,
0.7%, and 1.5% (average 2.9%), respectively, showing 3.6-,11.1-, 6.1-, and
11.8-fold efficiency increases compared to split iPE2 (Fig. 2c). We also
found that a control treatment with ciPE2 editor using nCas9-H840A
produced a low number of inverse prime edits (up to 0.39% at the DMD
site) (Fig. 2c). We speculate that this may be due to nCas9-H840A’s
residual ability to cut the target DNA strand, consistent with previous
studies®.

To confirm the efficiency of other ciPE editors, we developed
three additional variants: ciPE3, by adding a nicking sgRNA producing
a nick in the non-target strand (NTS) to ciPE2%; ciPE4, by adding a
negative inhibitor of MLH1 (MLH1dn)’; and ni-ciPES, by including both
factors. We then compared the inverse prime editing of these ciPE
editors to that of epegRNA-mediated split iPEmax editors at the
PDCDI1, CXCR4, HEXA, HEK4, BCL11A, and TRAC target sites (Fig. 2d).
The results showed that ciPE editors had inverse prime editing effi-
ciencies ranging from 0.1% to 24.7% (average 5.2%), while epegRNA-
mediated split iPEmax editors reached only from 0.0% to 11.0%
(average 2.6%) editing efficiencies across all six sites. At the PDCDI,
CXCR4, HEXA, HEK4, and BCL11A sites, the ciPE editors had average
editing efficiencies of 4.7%, 0.8%, 9.8%, 13.4%, and 2.1%, respectively,
which were 4.8-, 2.1-, 2.0-, 1.7, and 1.4-fold greater, respectively, than
those generated by epegRNA-mediated split iPEmax editors (Fig. 2d).
The epegRNA-mediated split iPEmax editors generated very few edits
(<0.01%) at the TRAC target site, while the ciPE editors had significantly
higher editing efficiencies, reaching 1.8%, with an average efficiency
1131.0-fold greater than those of the epegRNA-mediated split iPEmax
editors (Fig. 2d).

To further enhance inverse prime editing, we tested nuclease-
dependent circular RNA-mediated inverse prime editors (nu-ciPE edi-
tors) that incorporated WTCas9 and circular RNAs (Supplementary
Fig. 2a, b). We compared the editing efficiencies of nu-ciPE editors with
nu-iPEmax editors at six endogenous target sites in HEK293T cells and
found that nu-ciPE2 and nu-ciPE4 significantly increased inverse prime
editing efficiencies (1.2-76.2-fold) compared to nu-iPEmax2 and nu-
iPEmax4 at all six target sites, with nu-ciPE2 reaching an editing fre-
quency of 18.9% at the PAH site (Supplementary Fig. 2c).

Developing helicase Rep-X-assisted ciPEs

These results indicated that the effectiveness of DNA unwinding can
further improve inverse prime editing. Considering this, and to avoid
the DSBs induced by WTCas9, we explored the use of DNA helicases.
DNA helicases are enzymes that unwind DNA double strands by
hydrolyzing ATP to break hydrogen bonds between nucleotides®*%
DNA helicases can be divided into two classes based on their move-
ment direction: those that unwind DNA in the 5’ > 3’ direction and
those in the 3’ > 5 direction®. In inverse prime editors, nCas9-D10A
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Fig. 1| Development of iPE for inverse prime editing in human cells. a Schematic
diagram of the canonical prime editor (PE) using nCas9-H840A. The red region of
the genome represents the DNA segment that can be edited by PE. b Schematic
diagram of the inverse prime editor (iPE) using nCas9-D10A. The red region of the
genome represents the DNA segment that can be edited by iPE. ¢ Inverse prime
editing frequencies achieved by four different iPE constructs, including iPE2-5, at

target sites HBB, HEXA, FANCF, and PDCDI in HEK293T cells. d Inverse prime editing
frequencies achieved by eight different iPE constructs, including iPE2-5 and
iPEmax2-5, at target sites DMD, ETSI1-T1, FANCF, and PAH in HEK293T cells. Fre-
quencies (mean * s.e.m.) in c-d were obtained from three biological replicates
(n=3). Ins, insertion; Del, deletion. InDels, byproducts of random insertions and
deletions. Source data are provided as a Source Data file.
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generates an R-loop structure at the target site, forming a single-
stranded DNA of approximately 20-bp around the target site and
cleaving the target strand at the 17-bp position to produce a small
single DNA strand at the 3’ terminal. Subsequently, we hypothesize
that helicases may bind to this small single-stranded region, continue
to unwind the DNA double strand, and create a longer single-stranded
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region, facilitating PBS binding, thus enhancing reverse transcription
and potentially increasing the efficiency of inverse prime editing.

We therefore selected a modified 3’>5 helicase Rep-X from
Escherichia coli* and constructed Rep-X-assisted circular RNA-
mediated inverse prime editing editors (Fig. 3a, b) to increase the
efficiency of inverse prime editing. We further tested the efficiencies at
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Fig. 2 | Development of ciPE for efficient inverse prime editing in human cells.
a Schematic diagram of circular RNA-mediated inverse prime editors (ciPEs).

b Schematic diagrams of the structure of ciPE editors. CMV, the CMV promoter of
cytomegalovirus; U6, the polymerase Il promoter of U6; NLS, bipartite nuclear
localization signal; M-MLV RTARNase H, deletion variant of M-MLV RT with no
RNase H domain; 5’ RL, 5’ ribozyme and ligation sequences; 3’ RL, 3’ ribozyme and
ligation sequences; RTT, reverse transcriptase template; PBS, primer binding site.
¢ Comparison of inverse prime editing frequencies between split iPE2 and ciPE2 at

four target sites in HEK293T cells. Frequencies (mean * s.e.m.) in ¢ were obtained
from three biological replicates (n =3). d Comparison of inverse prime editing
efficiencies between ciPE2-5 and split iPEmax2-5 using epegRNA at six target sites
in HEK293T cells. Frequencies (mean + s.e.m.) in d were obtained from four bio-
logical replicates (n =4). circRNA, circular RNA; Ins, insertion; Del, deletion. InDels,
byproducts of random insertions and deletions. P values were obtained from two-
tailed Student’s t-test: *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. Source data
are provided as a Source Data file.

six additional sites to confirm the effect of Rep-X on ciPE2. At the HEK4,
DMD, BCL1IA, PSMB2, GFAP, and HEXA target sites, Rep-X-assisted
ciPE2 editor (average 9.1%) achieved more efficient inverse editing
than ciPE2 editor (average 6.6%) alone, reaching up to 14.6% efficiency
at the DMD site in HEK293T cells (Fig. 3c). We further constructed Rep-
X-assisted ciPE editors, including ciPE3, ciPE4, and ciPE5, and tested
them at the MECP2 site. The results showed that Rep-X-assisted ciPEs
performed on average 4.6-fold more efficient precise editing than
ciPEs (Supplementary Fig. 3a). We also found Rep-X-assisted nu-ciPE
editors performed an average of 17.0% and 23.0% inverse prime edit-
ing, 1.7- and 1.4-fold more efficient precise editing than nu-ciPEs at the
DMD and RUNXI-TI sites (Supplementary Fig. 3b). The Rep-X-assisted
ciPE editors performed efficient inverse prime editing, with efficiencies
ranging from 7.4% to 14.1% at the GFAP site, 11.1% to 55.4% at the HEK4
site, and 10.7% to 16.4% at the DMD site in HEK293T cells (Fig. 3d). The
average editing efficiencies of ciPE editors and Rep-X-assisted ciPE
editors were 11.4% and 17.0%, respectively, at the three sites (Fig. 3d).
We constructed ciPEmax editors by combining MCP, D10A-Cas9, and
M-MLV RTARNase H based on PEmax, as well as the ciPE7 editors by
further incorporating the small La protein®. However, these editors
yielded lower inverse prime editing efficiencies compared to the ciPE
editors (Supplementary Fig. 4). We also examined additional single-
base and >3-bp editing events using the Rep-X-assisted ciPE editors.
The 1-bp substitution, 6-bp substitution, and 6-bp deletion at the DMD
site, and 5-bp deletion, 10-bp substitution, and 1-bp substitution at the
GFAP site yielded inverse prime editing efficiencies of 16.3%, 15.1%,
13.5%, 10.8%, 7.3%, and 3.5%, respectively (Fig. 3e). In addition, we
determined numbers of Rep-X-assisted ciPE edits in cells of different
cell lines, and the frequencies of Rep-X-assisted ciPE4 and ciPES edits in
Hela, K562, and U20S cells averaged 9.1%, 10.2%, and 11.7%, respec-
tively, at the HEK4 site, and 17.7%, 18.3%, and 19.4% at the DMD site
(Fig. 3f). Potential cytotoxic effects of ciPE and Rep-X-assisted ciPE
systems on the viability of HEK293T cells were also examined, and we
found that these systems were no more cytotoxic than the canonical
PE system (Supplementary Fig. 5). Circular RNA-mediated inverse
prime editors thus exhibited significantly higher inverse prime editing
efficiencies when assisted by the Rep-X helicase, with editing efficiency
reaching 55.4%.

Comparing Rep-X-assisted ciPEs with existing prime editing
systems

We also compared Rep-X-assisted ciPEs with existing prime editing
systems. Previous studies had shown that PAM-flexible Cas9 variants
would be used to develop prime editors™. Accordingly, we con-
structed PAMless PEs based on the strategy of prime editors with PAM
flexibility including SpRY and SpG** (Fig. 4a). We then compared the
PAMless PEs and Rep-X-assisted ciPEs at DMD, GFAP, P2RY1 (Fig. 4b),
GFAP-T2, and IPP sites (Supplementary Fig. 6a, b) and found that the
PAMless PEs only achieved average editing efficiencies of 0.4%, 4.5%,
0.7%, 0.2%, and 0.04%, respectively, at the five targets. The Rep-X-
assisted ciPEs achieved average editing efficiencies of 14.0%, 14.0%,
6.0%, 6.8%, and 5.8%, respectively, representing 33.7-, 3.1-, 8.4-, 35.4-,
and 160.6-fold improvements (Fig. 4b and Supplementary Fig. 6a, b).
We also compared Rep-X-assisted ciPEs with the twinPE, which has
been shown to produce edits in genome regions farther from the PAM
sequence® (Supplementary Fig. 7a). The twinPE editor produced a low

prime editing efficiency of only 0.8% at the PSMB2 site, while the Rep-
X-assisted ciPE editors achieved much higher editing efficiencies ran-
ging from 14.1% to 17.7%, representing an average 19.4-fold increase in
efficiency (Supplementary Fig. 7b). Finally, we compared the Rep-X-
assisted ciPE system with the PE7 system at genomic sites where both
systems are expected to perform well (Supplementary Fig. 8a). The
PE7 system achieved 4.8%, 23.9%, and 15.8% edits at the HEK4, DMD,
and GFAP sites, compared with 51.4%, 16.4%, and 12.5% by the Rep-X-
assisted ciPE system (Supplementary Fig. 8b). These findings indicated
that Rep-X-assisted ciPE editors consistently demonstrated higher
editing efficiencies than canonical PE system, twinPE system, and
PAMless PE editors, especially at genomic sites that were previously
difficult to target. Additionally, at sites where both Rep-X-assisted ciPE
and canonical PE systems were predicted to be effective, the Rep-X-
assisted ciPE system achieved substantially higher prime editing effi-
ciency at specific genomic loci.

Prime editing of disease sites using Rep-X-assisted ciPEs

To examine the potential applications of the Rep-X-assisted ciPE sys-
tem, we searched disease-associated mutations in BRCAI and RPE6S
(Fig. 4c). Deletion of bases 3756 ~ 3759 in the coding sequence of the
BRCAI gene results in a frameshift mutation after Ser1253 and can lead
to breast-ovarian cancer. Similarly, duplication of the 89th base in the
CDS of the RPE65 gene results in a frameshift mutation after Thr31,
causing Leber congenital amaurosis. Using the Rep-X-assisted ciPE
system, we mimicked these disease-causing mutations and achieved
13.3% and 9.5% inverse prime editing efficiencies at the disease sites in
BRCAI and RPEG6S, respectively (Fig. 4d). The PAMless PEs and twinPE
systems yielded much lower editing efficiencies—5.7% and 2.9%, and
0.8% and 0.5%, respectively, at these two targets (Fig. 4d). The Rep-X-
assisted ciPE system is therefore superior to the PAMIess PE and twinPE
editors at disease targets upstream of cleavage sites and is also able to
generate models of disease.

Prime editors are known to produce few off-target edits, but they
tend to produce more by products, which limits their clinical
applications™2. Since nCas9-D10A exhibits higher precision than nCas9-
H840A", we compared the precision of editing between Rep-X-assisted
ciPE and canonical PE systems. We found that the canonical PE system
produced editing purity of 87.9%, 88.1%, and 91.3% at the GFAP, HEK4,
and DMD sites, respectively, while the Rep-X-assisted ciPE editors pro-
duced higher purity—96.6%, 92.1%, and 94.7%—at the same sites (Sup-
plementary Fig. 9a). We also compared the editing purity of the Rep-X-
assisted ciPE editors and the PAMless PE editors. The results showed
that the PAMless PE editors produced 12.5% editing by products at the
PSMB2 site, substantially more than the Rep-X-assisted ciPE editors
(3.9%) (Supplementary Fig. 9b). We also noted that the editing purity of
Rep-X-assisted ciPE editors at the disease target BRCAI reached 96.7%,
much higher than the purities achieved with the PAMless PE editor
(72.3%) and twinPE editor (79.1%) (Supplementary Fig. 9c). Overall, the
Rep-X-assisted ciPE system based on D10A-Cas9 and circular RNA
possesses greater precision and may therefore be safer to use.

Off-target effects of circular RNA-mediated inverse prime
editors

To assess the off-target effects of circular RNA-mediated inverse prime
editors, endogenous off-target sites were identified using Cas-
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OFFinder®. We examined nine off-target sites in GFAP, nine in HEK4,
and eight in DMD for editing by ciPE2, ciPE3, ciPE4, and ciPES (Fig. 5a),
as well as by Rep-X-assisted ciPE2, ciPE3, ciPE4, and ciPES5 (Fig. 5b). At
the GFAP and DMD target sites, only background levels of InDels were
detected at the off-target sites for GFAP (< 0.04%) and DMD ( < 0.01%),
with no inverse prime editing observed at any off-target sites

(Fig. 5a, b). Similarly, at the HEK4 site, we observed only background
levels of InDels (<0.76%), with no precise inverse prime editing
detected at eight of the nine off-target sites (Fig. 5a, b). However, the
off-target site, off-target-3, at the HEK4 site showed 1.32%-6.32% InDels
and 0.05%-0.67% inverse prime editing by ciPE editors and Rep-X-
assisted ciPE editors (Fig. 5a, b). It is known that prime editors generally
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Fig. 3 | Enhancing inverse prime editing using Rep-X-assisted ciPE. a Schematic
diagram of Rep-X-assisted ciPE. Rep-X is included to aid in unwinding DNA to
enhance editing efficiency. b Schematic diagrams of structure of Rep-X-assisted
ciPE editors. For abbreviations, see Fig. 2b. ¢ Comparison of inverse prime editing
efficiencies between Rep-X-assisted ciPE2 and ciPE2 at six target sites in

HEK293T cells. Frequencies (mean + s.e.m.) at HEK4, DMD, BCL11A, PSMB2, and
GFAP sites were obtained from eight biological replicates (n = 8) and three biolo-
gical replicates (n=3) at HEXA site. d Comparison of inverse prime editing effi-
ciencies between three ciPE constructs and three Rep-X-assisted ciPE constructs at
the GFAP, HEK4, and DMD target sites in HEK293T cells. Frequencies (mean + s.e.m.)

were obtained from eight biological replicates (n = 8). e Inverse prime editing
efficiencies at the DMD and GFAP sites in HEK293T cells using Rep-X-assisted ciPE4
and ciPES editors. Frequencies (mean + s.e.m.) were obtained from three biological
replicates (n = 3). f Inverse prime editing efficiencies at the HEK4 and DMD sites in
Hela, K562, and U20S cells using Rep-X-assisted ciPE4 and ciPES editors. Fre-
quencies (mean + s.e.m.) were obtained from four biological replicates (n =4). Del,
deletion. InDels, byproducts of random insertions and deletions. P values were
obtained from two-tailed Student’s t-test: *P< 0.05, *P< 0.01, **P< 0.001,

***+P < (0.0001. Source data are provided as a Source Data file.

produce few InDel byproducts and that off-target prime edits are dif-
ficult to produce unless the sequences between on-target and off-
target are very similar'?. Upon closer inspection of the off-target-3
sequences, we found them to be highly similar to the on-target
sequences, with only two mismatched bases at positions 6 and 7 of the
unseeded sequences. In addition, seven of the eight bases in the PBS
positions of ciPE editors were identical at the HEK4 site (Fig. 5a, b).
Therefore, highly similar target sequences and downstream sequences
contribute to the low number of InDels and off-target inverse prime
edits observed. These results suggested that when using ciPE editors
for inverse prime editing, it is crucial to select highly specific targets
and pay attention to the similarity of downstream sequences to ensure
accuracy, given that the editing and PBS regions of inverse prime
editors differ from those of canonical prime editors.

Discussion

In summary, the Rep-X-assisted, circular RNA-mediated inverse prime
editing significantly expands the editing range of prime editing,
enhancing efficiency at genomic sites that were previously difficult to
target. The combination of nCas9-H840A-based canonical prime
editing and nCas9-D10A-based inverse prime editing offers the
potential to significantly extend the target range and improve editing
efficiency while reducing the generation of by products. Studies have
shown that the single-strand cleavage activity of nCas9-D10A is more
precise and results in fewer InDel byproducts compared to nCas9-
H840A". Consequently, our nCas9-D10A-based inverse prime editors
are expected to produce fewer InDel byproducts. The use of nCas9-
D10A in the prime editors may also provide inspiration for the devel-
opment of more editors. For example, our study found that ciPEs
performed efficient A-to-G or C-to-T base editing (Supplementary
Fig. 103, b).

Previous research has indicated that many prokaryotic gen-
ome editing systems and those that are effective in vitro exhibit
less efficiency in eukaryotic cells**”’, likely due to difficulties in
unwinding double-stranded DNA®. The superior gene editing
capabilities of CRISPR-Cas9 are heavily dependent on its DNA
unwinding ability®®. Circular RNA, with its stability, durability, and
low immunogenicity®®, can bind to genomic DNA to form
R-loops**, facilitating DNA unwinding, which is likely to play a
crucial role in regulating gene expression and biological function.
The helicase Rep-X used in this study also stimulates DNA
unwinding and could be further optimized by rational design and
directed evolution. We anticipate that circular RNA and helicases
will become increasingly important for progress in genome edit-
ing. We also found that the ciPEmax editors constructed by
concatenating MCP, nCas9-D10A, and M-MLV RTARNase H, as well
as ciPE7 editors, which further incorporate the small La protein,
exhibited lower efficiency in inverse prime editing compared to
ciPE. Based on the development of previous CPE editors”?, we
speculate that circular RNA-mediated prime editors operate
through a different mechanism compared to canonical PE editors.
This suggests that current ciPE editors still have significant
potential for optimization.

Methods

Plasmid construction

The sgRNA, nicking sgRNA, pegRNA, and epegRNA vectors driven by
the human U6 promoter were constructed by annealing oligonucleo-
tides and inserting them into the pOsU3 backbone (Addgene #170132)
using the Golden Gate assembly method. The circular RNA expression
vector backbone was synthesized using primers with sequences spe-
cified by the “Tornado” circular RNA expression system®’. The RTT and
PBS sequences in the circular RNA expression vectors (Supplementary
Data 1) of ciPE system were introduced into the prime editor vector
backbone (Supplementary Data 2) using the Golden Gate assembly
method. The iPE, iPEmax, nu-iPE, nu-iPEmax, twinPE, SpG-PE, SpRY-PE,
nu-ciPE, ciPE, and Rep-X-assisted ciPE vectors were derived from the
pCMV-PE2 vector (Addgene #132775) using a Uniclone One Step
Seamless Cloning Kit (Genesand, CN). All DNA oligonucleotides were
synthesized by Beijing Genomics Institute (BGI). DNA fragments for
plasmids cloning were obtained by PCR amplification using Phanta
Max Master Mix (Vazyme, CN). Endonucleases were obtained from
New England Biolabs (NEB, USA).

Culture of mammalian cells

HEK293T cells (American Type Culture Collection (ATCC), CRL-3216)
and Hela cells (ATCC, CRM-CCL-2) were cultured in Dulbecco’s mod-
ified Eagle’s medium (Gibco, USA) supplemented with GlutaMax. U20S
cells (ATCC, HTB-96) were cultured in McCoy’s 5A Medium Modified
(Gibco, USA), and K562 cells (ATCC, CCL-243) were cultured in Iscove’s
modified Dulbecco’s medium (Gibco, USA) plus GlutaMax, supple-
mented with 10% (v/v) fetal bovine serum (Gibco, USA), 0.1% (v/v)
penicillin-streptomycin (Gibco, USA), and 5mg/L Plasmocin Prophy-
lactic (InvivoGen, USA). All cell lines were grown at 37 °C with 5% CO,
and subcultured for 3 days. They were tested for mycoplasma using a
Mycoplasma Detection Kit (TransGen Biotech, CN).

Transfection and lysis of mammalian cells

HEK293T, Hela, K562, and U20S cells were seeded at a density of
16,000 cells per well in poly-D-lysine-coated 96-well clear plates
(Corning, USA). After 16 to 20 h of incubation, they were transfected
with 150 ng of iPE (including iPE, nu-iPE, iPEmax, and nu-iPEmax)
plasmids and 50 ng each of pegRNA, epegRNA, and nicking sgRNA
plasmids, using 0.4 pL of Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s protocol. For circular RNA-
mediated inverse prime editing (ciPE), HEK293T, Hela, K562, and
U20S cells were transfected with 150 ng of ciPE or Rep-X-assisted
ciPE plasmids and 50 ng each of sgRNA, circular RNA, and nicking
sgRNA plasmids. The transfected cells were further cultured at 37 °C
with 5% CO,.

Preparation of genomic DNA for sequencing

To prepare genomic DNA from HEK293T, HeLa, K562, and U20S cells,
the medium was removed from the wells containing cells 72 h after
transfection, and the cells were lysed in 100 pL lysis buffer containing
2 pL of 25 pg/mL proteinase K and incubated at 55 °C for 30 min in 96-
well plates, followed by an incubation at 95 °C for 5 min to inactivate

Nature Communications | (2025)16:5057


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59120-7

a ciPEs+Rep-X PAMless-PEs
P ciPEs+Rep-X
mmﬁ:: 5'—NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGGNNNN— 3
. | ———
PAMless-PEs
b Wm  Pprecise Editings InDels
DMD GFAP P2RY1
-1AtoT/+16 Ato T -1~-4 ATAA to CCGG / +1~+4 ATAA to CCGG “1AtoC/+1AtoC
P=7_26; :13717,(10@ P=5.80 105 **** — P=8.37x104***
201 T pesoTxi0i 201 PRI 10 _P=TTEXRET
_ B P79 x0T . P=8.98x10 P=135x 10+
® ¥ . P=1.52x 105 **** T peamxii
3 157 . 8 .
&
S 6
E 104 3
2 «1
8 9 2]

0, 07 . . L
‘I\‘I\‘I\‘I\@@’bee ‘I\‘I\‘I\‘I\e@@«e ‘I\‘I\‘I\‘I\eeee
?\9 e et & G‘? G‘? 6‘? ¥ e, et @69 NP PPN P e et aed @69 NP PPN P

% ?e% s oF o 95 ?eﬁ PENEEY o PR iR R ;\?@A Q€ o PR ie®
BRCA1: c.3756_3759del (p.Ser1253fs) RPEG65: c. 89dup (p-Thr31fs)
upPE upP! CiPE
Al downPE downPE disease site .
disease site -
| ——
mma Precise Editings InDels
d BRCAT1: c.3756_3759del (p.Ser1253fs) RPEG65: c.89dup (p.Thr31fs)
P=1.14x 104
P=2.97 x 105 ** P=231x105 "
- . P=0.0024 **
20 P=7.72x10 15 Sy
P=4.42 x 104 *** =0
P=0.0388 * _ P=273x0%™t
—~ Pe30% 105 P=0.3222
X154 —— - -
< 15 s 00017 P—0.005i=01595
8 o P=4.32%10%*" 104 % * — PO
2 . P=0.0088**
& 10 -
i}
jo))
£
S

O,

*—**eeeev€?€?€ 0 oo Paee h 08 962 ph 080 € ©C T
eV, e e? @eld (PENLTNLT NPT W \.1(\ W @? LRe9,e0 e (PPN LENLT 0 \M“ i
P e e o o o g P e e o o o o™

Fig. 4 | Comparison of Rep-X-assisted ciPEs with existing prime editing sys-
tems. a Schematic diagrams of prime editing performed by Rep-X-assisted ciPEs
and PAMless-PEs at the target sites. b Comparison of prime editing efficiencies at
the DMD, GFAP, and P2RY]1 sites in HEK293T cells using Rep-X-assisted ciPEs and
PAMiless-PEs. Frequencies (mean + s.e.m.) at DMD and GFAP sites were obtained
from four biological replicates (n=4) and three biological replicates (n=3) at

the PSMB2 site. ¢ Schematic diagrams of prime editing performed by Rep-X-assisted
ciPEs, PAMless-PEs, and twinPEs at the disease sites that are difficult to target with

canonical PEs. d Comparison of prime editing efficiencies at the BRCAI and RPE6S
disease sites* in HEK293T cells using Rep-X-assisted ciPEs, PAMIess-PEs, and
twinPEs. Frequencies (mean + s.e.m.) were calculated from three biological repli-
cates (n =3). Del, deletion; dup, duplication. InDels, byproducts of random inser-
tions and deletions. P values were obtained from two-tailed Student’s ¢-test:
*P<0.05, *P<0.01, **P<0.001, ***P < 0.0001. Source data are provided as a
Source Data file.

the proteinase K. The generated genomic DNA suspensions were
directly used as templates for the PCR amplification using Phanta Max
Master Mix (Vazyme, CN).

Amplicon deep sequencing and data analysis

The genomic region of interest, approximately 150-200bp (PCR
Round 1), was amplified by PCR in a 20 pL reaction volume containing
10 pmol of forward and reverse primer, 10 pL of Phanta Max Master

Mix (Vazyme, CN), 1 pL lysed genomic DNA and 7 pL ddH,0. PCR was
performed under the following conditions: 95 °C for 3 min, followed by
34 cycles of 95°C for 155, 60 °C for 15 s, and 72 °C for 20 s, with a final
extension at 72 °C for 5 min. Next, in a second PCR (PCR Round 2), 1 pL
product from PCR round 1 was amplified in 30 pL mixtures containing
10 pmol of unique forward and reverse Illumina primer pairs with
barcodes, 15pL Phanta Max Master Mix (Vazyme, CN), and 12 pL
ddH,0, under the following conditions: 95 °C for 3 min, followed by
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GiPES+Rep-X | . i i . : oiPES*Rep-X] i . i : CiPE2+Rep-X Ml CiPE3+Rep-X InDels
0 5 10 15 20 25 0 20 40 60 80
Editing Efficiency (%) Editing Efficiency (%) B ciPE4+Rep-X I ciPE5+Rep-X

Fig. 5 | Off-target effects of circular RNA-mediated inverse prime editors. HEK293T cells. Frequencies (mean + s.e.m.) in a, b were calculated from three
a Mutation frequencies achieved using ciPEs at three on-target and 26 off-target biological replicates (n = 3). The sequences in the red box represent similar primer
sites identified by Cas-OFFinder for GFAP, HEK4, and DMD in HEK293T cells. binding sequences downstream of the cleavage site between on-target and off-
b Mutation frequencies achieved using Rep-X-assisted ciPEs at three on-targetand  target at the HEK4 target site. Del, deletion. InDels, byproducts of random inser-
26 off-target sites identified by Cas-OFFinder for GFAP, HEK4, and DMD in tions and deletions. Source data are provided as a Source Data file.
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10-13 cycles of 95°C for 155, 60 °C for 15 s, and 72 °C for 20's, with a
final extension at 72 °C for 5 min.

After confirming that all the samples were clear using agarose gel
electrophoresis, the products of PCR Round 2 from each reaction were
mixed, electrophoresed on a 1.2% agarose gel, purified using a GeneJET
Gel Extraction Kit (Thermo Fisher Scientific, USA), and quantified with
a NanoDrop 2000 (Thermo Fisher Scientific, USA). This library was
normalized and sequenced on an Illumina MiSeq platform (Qi Biode-
sign, CN). Amplicon sequencing data was analyzed using the published
code (https://github.com/ReiGao/GEanalysis). Each treatment was
performed in three independent biological replicates. Primer
sequences for PCR Round 1 and PCR Round 2 are shown in Supple-
mentary Data 3 and 4, respectively.

Assessing editing efficiencies by green fluorescence

To evaluate the genome editing efficiencies of ciPEs, 40,000
HEK293T cells were transfected with 300 ng of iPE and nu-iPE plasmids
and 20 ng of GFP reporter plasmids, and 100 ng of pegRNA plasmids in
Poly-D-Lysine-coated 48-well clear plates (Corning, USA). After 2 days
of incubation at 37 °C with 5% CO,, green fluorescence was measured
using a Leica microsystem (Leica, DE).

Analysis of off-target editing

Potential off-target sites were identified using the online tool Cas-
OFFinder® (http://www.rgenome.net/cas-offinder/). The off-target
sites analyzed in this study had three or fewer nucleotide mis-
matches compared to the on-target sites. Amplicons were sequenced
using the MiSeq platform (Qi Biodesign, CN), with each off-target site
examined with three independent samples. Sequence information and
primers for each off-target site are listed in Supplementary
Data 5 and 6.

Cell viability assays

Cell viability assays were performed using the CellTiter 96® AQueous
One Solution Cell Proliferation Kit (Promega, USA), according to the
manufacturer’s instructions. HEK293T cells were transfected at
80%-90% confluency. Seventy-two hours post-transfection, 20 pL of
the CellTiter 96® AQueous One Solution Reagent was added to each well
of the 96-well plate and incubated at 37 °C with 5% CO, for 1-4 h. Cell
viability was then assessed by measuring absorbance at 490 nm using a
microplate reader SuPerMax 3100 (Flash, CN).

Statistics & Reproducibility

The data were obtained with randomization and blinding, with at least
3 biological replicates. Error bars represent means + s.e.m. Differences
between control and treatments were tested using two-tailed Student’s
ttest. P values were obtained from two-tailed Student’s t-test:
*P<0.05, *P<0.01, **P<0.001, **P<0.0001. Data were analyzed
using GraphPad Prism 9.5.1 software.

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

Data availability

The deep sequencing data generated in this study have been deposited
in the NCBI database under accession code PRJNA1238002. The raw
data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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