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PEs enable deletion, insertion and base substitution without 
double-strand breaks1. However, the current PE2, PE2* and 
PEmax effectors (fusions of nCas9 with Moloney murine 

leukemia virus RT (M-MLV RT))1–3 are >6.3 kilobases (kb), which 
is beyond the packaging capacity of an AAV. Production of such 
a large protein or mRNA in high yield (for ribonucleoprotein 
(RNP) or RNA delivery) can also be challenging. Although some 
split strategies have been tested for the delivery of Cas9-associated 
genome-editing tools4, including split inteins5–7 and MS2 (refs. 8–10) 
or SunTag11 tethers, most split approaches are only beginning to be 
applied to PEs2,12,13. These elements add size, molecular complexity 
and production and delivery burdens to PE systems, and they limit 
the combinatorial throughput of PE development (that is, the mix-
ing and matching of nuclease and RT components).

pegRNA optimization is also important for effective prime edit-
ing. The current pegRNA is a conjugated RNA that consists of an 
sgRNA and a 3′ extension containing the RT template (RTT) and 
the primer-binding site (PBS). Despite the simplicity of having 
an integrated RNA molecule in the PE system, it is prone to RNA 
misfolding due to the inevitable base pairing between the PBS and 
the spacer and potential RTT–scaffold interactions. Finally, the 
3′-terminal extension in the pegRNA is exposed and susceptible to 
degradation by nucleases, which may compromise the integrity of 
the pegRNA. Although 3′-terminal secondary structures improve 
pegRNA stability14, further efforts to reduce pegRNA misfolding 
and instability are needed.

Results
An sPE with untethered RT mediates prime editing. To facili-
tate PE2 delivery, we initially designed MS2–PE2 and SunTag–PE2 
(Extended Data Fig. 1). To construct MS2–PE2, we fused MS2 coat 
protein (MCP) to the N terminus of M-MLV RT, and we engi-
neered multiple MS2-pegRNAs by incorporating MS2 stem-loops 

into different positions of the sgRNA. We also tested splitting the 
PE via the SunTag system by fusing the single-chain variable frag-
ment (scFv) to the N terminus of M-MLV RT. Subsequently, the 
scFv–RT was recruited by either GCN4–nCas9 or nCas9–GCN4. 
We designated these two new prime-editing systems as SunTag–PE2 
(GCN4–nCas9) and PE2–SunTag (nCas9–GCN4) based on domain 
order. As controls for both MS2- and SunTag-based split PEs, we 
also devised a direct sPE system (Fig. 1a,b) in which the respective 
tethers were omitted. All of these platforms were used in PE3 for-
mat, which differs from PE2 only by the inclusion of an additional 
sgRNA that directs nicking of the unedited strand, thereby biasing 
repair1. We first cotransfected the respective nCas9-, RT-, pegRNA- 
and nicking sgRNA-expressing plasmids into an HEK293T-derived 
mCherry reporter lentivector-transduced cell line with a premature 
TAG stop codon2 (Extended Data Fig. 2) that can be reverted to 
wild type, yielding red fluorescence. The most potent MS2- and 
SunTag-tethered configurations (Extended Data Fig. 2) were com-
parable in editing efficiency to PE3 (Fig. 1c). Notably, the untethered 
sPE also generated edited (mCherry+) cells with similar efficiency 
as the fused (PE3) and tethered (MS2–PE3-1.1 and SunTag–PE3) 
systems (Fig. 1c). We confirmed these results with a separate set of 
pegRNAs that drive a 3-nucleotide (nt) insertion in an endogenous 
locus (HEK3). Sanger sequencing revealed that sPE editing effi-
ciency was again very similar to that of PE3 and higher than those 
of MS2–PE3-1.1 and SunTag–PE3 (Extended Data Fig. 2). A titra-
tion of the RT plasmid indicated that it can be transfected at lower 
levels (Extended Data Fig. 2) with little effect on efficiency with the 
mCherry reporter.

To test the efficiencies of MS2–PE3-1.1, SunTag–PE3 and sPE 
with larger insertions or deletions, we tested them alongside PE3 
with two ‘traffic light reporters’ in which GFP is activated by repair 
of a disruption sequence (an 18-bp replacement of a 39-bp inser-
tion or the removal of a 47-bp insertion; Extended Data Fig. 3)2.  
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We found that the sPE was just as efficient as PE3 with the precise 
47-bp deletion (Fig. 1d) and that both MS2–PE3 and SunTag–PE3 
were nearly as efficient as PE3 with the two reporters (Extended 
Data Fig. 3). More comprehensive evaluations of the editing effi-
ciency of MS2–PE2 and SunTag–PE2 in different reporter lines 
and multiple endogenous sites revealed that the overall editing 
efficiency of MS2–PE2 and SunTag–PE2 is generally lower than 
sPE (Supplementary Note and Extended Data Fig. 4). We therefore 
chose the sPE system to pursue further.

Next, we compared sPE and PE3 for editing at multiple endog-
enous sites. sPE achieved comparable levels of editing as PE3 (up to 
30%; Fig. 1e). To test the interchangeability of the RT component, we 
replaced the M-MLV RT in the PE3 and in the sPE with two human 
codon-optimized bacterial RTs (Fig. 1f and Extended Data Fig. 5), 
E.r. maturase RT (MarathonRT)15 and GsI-IIC RT (TGIRT III)16,17, 
both of which are compact in size compared to M-MLV RT. PEs with 
these RTs successfully worked in tandem with pegRNAs that install 
3-nt substitutions at FANCF and VEGFA sites, albeit with reduced 

RT

AAV size limit
(~4.5 kb without promoter)

PE2

sPE

RT Split RT

DNADNA

pegRNA pegRNA

nCas9 nCas9

PE2 (nCas9–RT fusion) sPE
a b

RT2.1 kb

nCas9

nCas94.1 kb

PE3

sPE

g h i

Hydrodynamic
injection

Transposon Myc + PE3 or sPE

Oncogenic Ctnnb1 S45 deletion

DNA  5′
pegRNA

S45

3-bp deletion
RTT PBS

3′ N
um

be
r 

of
 tu

m
or

s 
pe

r 
liv

er

0

5

10

20

15

PE3 sPE

β-Catenin IHC

e PE3 precise editing
sPE precise editing
Indels

E
di

tin
g 

or
 in

de
ls

 (
%

)

0

10

20

30

H
E

K
3

R
N

F
2

V
E

G
F

A

F
A

N
C

F

H
B

B

H
E

X
A

P
S

E
N

1

*

**

*

*

* **

f

E.r.
maturase

RT

6

4

2

0

E
di

tin
g 

or
 in

de
ls

 (
%

)

GsI-IIC
RT

Tethered PE precise editing

Indels
sPE precise editing

**

c

m
C

he
rr

y+
 c

el
ls

 (
%

)

Non-cognate

M
oc

k
R

T
nC

as
9

R
T

T
P

B
S

R
T

T
-P

B
S

sP
E

P
E

3

0

5

10

15

S
un

T
ag

–P
E

3
M

S
2–

P
E

3

0

2

4

6

d

PE3 sPE

F
lu

or
es

ce
nt

 c
el

ls
 (

%
)

+1 indels

Precise deletion

Fig. 1 | sPE enables genome editing in cells and in adult mouse liver. a, PE consists of nCas9 fused to RT. The sPE is expressed from two separate 
open reading frames. b, sPE components will each fit into an AAV vector without inteins. c, mCherry reporter cells were transfected with the indicated 
plasmids. d, Prime editing of a green fluorescent protein (GFP) reporter line by deletion of 47 base pairs (bp) for restoring GFP expression using PE3 or 
sPE. Indels (+1) can restore mCherry expression. e, Amplicon sequencing of PE3 and sPE for multiple endogenous sites in HEK293T cells. f, Prime editing 
by alternative RT orthologs at the FANCF site by 3-nt substitutions (+2 C to T and +4–5 TG to AC). Human codon-optimized Eubacterium rectale (E.r.) 
maturase RT and GsI-IIC RT were cloned into the original PE2 in place of the M-MLV RT. Nicking sgRNAs (PE3 format) were used for all prime editing. 
Data in c–f are derived from three or more independent biological replicates (mean ± s.d.); two-tailed unpaired Student’s t-test; *P < 0.05; **P < 0.01.  
g, PE induces oncogenic activation of Ctnnb1 by a 3-bp in-frame deletion. PE3 (n = 4) and sPE (n = 5) were delivered into mouse liver by hydrodynamic 
tail vein injection along with the Myc transposon and transposase plasmids. h, Tumor numbers in livers were counted 25 d after injection with PE3 (n = 4) 
or sPE (n = 5) (mean ± s.d.). i, Immunohistochemistry (IHC) staining shows nuclear β-catenin in liver tumors. Each experiment was repeated at least 
three times independently with similar results; scale bars, 100 μm (×20 objective). Data and error bars indicate the mean and s.d. of three independent 
biological replicates.
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efficiency compared to the PE2 effector (Fig. 1f and Extended Data 
Fig. 5). Notably, the two RT orthologs also mediated editing in the 
sPE design with various efficiencies (Fig. 1f and Extended Data 
Fig. 5). These results indicate that alternative RTs are applicable 
to the sPE system. Future efforts to improve thermostability and 
processivity of RT, facilitated by the sPE format, may enable more 
efficient PE designs. We also generated two PE2 mutants carrying 
either Cas9D10A (dCas9-RT) or RTΔYVDD (nCas9-mutRT) mutations. 
Both were deficient in prime editing at the FANCF locus (Extended 
Data Fig. 6), as expected. Cotransfection of nCas9-mutRT and RT 
constructs resulted in successful prime editing, whereas cotrans-
fection of nCas9-mutRT and dCas9-RT did not (Extended Data  
Fig. 6). These data suggest that, in contrast to sPE, nCas9 and RT 
from separate PE2 proteins do not function in trans at a given nick 
site, possibly due to local molecular clashes. Together, these data 
suggest that sPE has similar capabilities as PE2 in prime editing in 
mammalian cells.

Given the efficient genome editing by sPE in cells, we further 
evaluated sPE in vivo. As precise microhomology-independent and 
homology-directed repair (HDR)-independent deletion is a unique 
ability of prime editing, we used sPE to delete the S45 codon in 

Ctnnb1 (β-catenin) to drive tumor formation in adult FVB mice 
via hydrodynamic tail vein injection (Fig. 1g). Four weeks after 
injection, PE3 rendered an average of 9.75 ± 2.5 tumors per mouse 
(n = 4), whereas the sPE induced 12.2 ± 3.3 tumors per mouse 
(n = 5; Fig. 1h and Extended Data Fig. 7). IHC staining confirmed 
the oncogenic activation of β-catenin in the liver tumors (Fig. 1i), 
and amplicon deep sequencing confirmed the precise 3-bp deletion 
in Ctnnb1 in both PE3- and sPE-treated groups (Extended Data  
Fig. 7). Therefore, the sPE enables precise and highly efficient prime 
editing in vivo.

To test whether modular PE systems are compatible with AAV 
delivery, we cloned dual-AAV vectors of sPE (Fig. 2a). The first 
AAV expresses nCas9, and the second AAV expresses RT, a pegRNA 
and a nicking sgRNA described previously18. Both vectors are 
within the ~4.8-kb packaging capacity of AAV. We chose a mouse 
model of tyrosinemia type I caused by a loss-of-function G-to-A 
mutation of fumarylacetoacetate hydrolase (FAH; Fig. 2b). Loss 
of FAH, a key enzyme of the tyrosine catabolic pathway19,20, leads 
to hepatocyte toxin accumulation and liver damage. Fah-mutant 
mice need to be kept on 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC)20-supplemented water to prevent 
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body weight loss. In the Fah-mutant mice, intravenous injection 
of dual AAVs rescued body weight loss (Fig. 2c). Analysis of addi-
tional animals killed 24 d after NTBC withdrawal revealed FAH+ 
hepatocytes (Fig. 2d) and molecular confirmation of precision edit-
ing via deep sequencing (Fig. 2e). Editing efficiency by this delivery 
approach was relatively modest (1.3%), pending further pegRNA 
and nicking sgRNA optimization.

Given the success of the untethered sPE effector, we considered 
analogous opportunities for modular organization of the RNA  

components (Extended Data Fig. 8). We split the pegRNA into 
sgRNA and a separate RTT-PBS sequence (Fig. 3a). An MS2 
aptamer was added to the RTT-PBS sequence to tether it to an 
MCP–RT fusion protein. Inspired by a previously reported method 
to increase small RNA abundance21,22, we further engineered the 
RTT-PBS into a circular form, referred to as a prime editing tem-
plate RNA (petRNA), via a ribozyme- and RtcB-mediated path-
way for comparison to the linear petRNA (Extended Data Fig. 8). 
The petRNA and the 3′-MS2 version of the petRNA (petRNA-3′) 
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exhibited comparable editing efficiency as that of the pegRNA at 
the FANCF site (Fig. 3b,c). The petRNA (that is, circularized) was 
more efficient than the linear petRNA (Fig. 3c), suggesting that the 
expected stability and abundance of the RTT-PBS RNA is posi-
tively correlated with the editing efficiency. The petRNA design was 
validated at seven additional endogenous sites (Fig. 3d). At a sub-
set of endogenous loci, editing by petRNAs was lower than that by 
pegRNA counterparts (Fig. 3d), suggesting that the current petRNA 
design will benefit from further optimization for some genomic 
sites. We also observed that the petRNA supported prime editing 
activity with unaltered RT but with an efficiency lower than that 
observed with the MCP–RT fusion (Extended Data Fig. 8), consis-
tent with a benefit from MS2–MCP tethering.

To compare the abundance and integrity of pegRNAs and 
petRNAs in cells, we transfected plasmids expressing nCas9, 
MCP–RT, pegRNA, petRNA and sgRNA in HEK293T cells and 
performed Northern blot analyses (Fig. 3e). Using an RTT-PBS 
probe, we observed that the petRNA accumulates to higher levels 
than pegRNA (top, lanes 3 and 5) and, unlike the pegRNA, does 
not require effector coexpression for stability (Fig. 3e). The circu-
lar nature of the petRNA was demonstrated by its susceptibility to 
specific RNase H cleavage and its resistance to RNase R (lanes 6  
and 7). Using a probe targeting sequences in the tracrRNA, we 
observed that the pegRNA is subject to truncation, presumably at 
its exposed 3′ end, consistent with the conclusions of another recent 
study14. These data indicate the circular petRNA’s superiority over 
the pegRNA design in RNA integrity and abundance, both para-
mount to the efficiency and fidelity of prime editing outcomes.

To further validate the modularity of the system, we used a site 
within the FANCF locus where SpyCas9 and SauCas9 can target a 
common spacer sequence, and where a shared petRNA could be 
tested in combination with both effectors and their corresponding 
sgRNAs. Both nSpyCas9 and nSauCas9 and their sgRNAs, in com-
bination with MCP–RT and the petRNA, successfully installed a 
1-nt transversion (Extended Data Fig. 9). These results demonstrate 
that the use of separate RNA modules for nicking and carriage of 
genetic information also allowed for the use of alternative nickases 
while maintaining satisfactory editing efficiency. The potential use 

of orthologous nCas9s or non-CRISPR–Cas effectors may liberate 
the system from the restriction of the NGG PAM and provide more 
flexibility to prime editing experimental design. In addition, both 
sPE and petRNA exhibited only background levels of off-target edit-
ing at known SpyCas9 off-target sites (FANCF and HEK3), similar to 
observations with the canonical PE3 system (Extended Data Fig. 9).

sPE delivery in cells by mRNA or protein. Delivery of two smaller, 
modular sPE mRNAs would be expected to improve stability, flex-
ibility, scalability and efficiency relative to those of full-length 
PE2-like mRNAs that are 6–7 kb in length. To test whether sPE 
effectors can be delivered as mRNAs in cultured cells, we flanked 
the coding sequences of nCas9, M-MLV RT and PE2 by a capped 
5′-untranslated region (5′-UTR) and a 3′-UTR followed by a 
poly(A) tract. The in vitro transcribed mRNAs (Extended Data  
Fig. 10) were coelectroporated with a pegRNA and a nicking sgRNA 
into HEK293T cells (Fig. 4a). Deep sequencing showed that sPE 
mRNAs mediate 40.1–74.5% prime editing at five endogenous sites 
in HEK293T cells (Fig. 4b). The sPE efficiencies are comparable to 
those of the full-length PE2 mRNA (Fig. 4b). To further test whether 
sPE can be delivered as an RNP, we purified a nuclear localiza-
tion signal (NLS)-containing M-MLV RT protein (Extended Data  
Fig. 10). The pegRNA and the nicking sgRNA were preincubated 
with nCas9 protein before being mixed with the RT protein for 
coelectroporation into HEK293T cells (Fig. 4c). We observed 16.3% 
prime editing at the VEGFA locus, rendering a 3-nt substitution 
(Fig. 4d). These results indicate that mRNA and RNP delivery of 
sPE is feasible, although extensive future work will be needed to 
optimize relative doses of the nCas9, RT and guide/template com-
ponents as well as many other parameters.

Discussion
In summary, this study demonstrates that a modular PE system 
enables versatile and efficient genome editing in mammalian cells 
and in adult mouse liver. Our data showed that the sPE enables com-
parable genome editing as the PE2 effector. The sPE offers advan-
tages over other split methods, including its simplicity for AAV 
delivery. The sPE will fit in a dual AAV setup in which sufficient  
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space for additional modifications or control elements can be 
accommodated, such as using modified and controllable RT and 
engineered or multiplexed sgRNAs/pegRNAs. The limited edit-
ing efficiency seen thus far with the dual AAV-delivered sPE sys-
tem is not drastically different from that seen previously with split 
intein PE3 (2–3%) at a different locus2. Nonetheless, further work 
will be needed to optimize AAV sPE editing efficiency, such as test-
ing stronger promoters and screening more efficient pegRNAs and 
nicking sgRNAs. In addition, the reduced size of the individual 
nickase and RT compared to PE2 may improve the yields of mRNA 
and/or protein production for non-viral delivery. The small size of 
sPE mRNA may also facilitate packaging into lipid nanoparticles 
and efficient entry into cells. Similarly, RNP compositions com-
prising modular sPE proteins may provide manufacturing advan-
tages compared to full-length PE2 protein. Finally, the modularity 
of the sPE system will accelerate the mix-and-match combinatorial 
exploration of nuclease and RT components of PE systems. Thus, 
the sPE approach promises to facilitate new implementations of  
prime editing.

Furthermore, our study indicates that, perhaps unexpectedly, the 
RT component can engage the RNA–DNA hybrid at the Cas9 nick-
ing site without direct fusion to Cas9. Future structural studies may 
shed light on the nature of PE effector engagement. Lastly, despite 
recent reports of modest PE off-target effects23, further analyses will 
be needed to determine whether the RT (tethered or untethered) 
could process endogenous RNA–RNA or RNA–DNA hybrids and 
induce potentially undesirable genomic integration events24.

By separating the PBS-RTT from the editing guide, petRNAs 
may not only provide superior stability but also enable combinato-
rial or tiling approaches to identify highly efficient editing designs. 
We anticipate that circular RNAs produced in vitro may be useful 
for prime editing template delivery as well. In summary, modular 
PEs promise to facilitate effective and versatile in vivo delivery of PE 
for precise genome editing.
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Methods
Plasmids. pegRNA expression plasmids were constructed by using a custom 
vector (BfuAI- and EcoRI-digested) that has been described elsewhere2. The 
gBlock fragments with or without MS2 sequences were synthesized by Integrated 
DNA Technologies, followed by Gibson assembly using Gibson Assembly Master 
Mix (New England Biolabs). Colonies were selected and confirmed by Sanger 
sequencing using a commercial human U6 primer. Nicking sgRNA plasmids were 
generated by annealing oligonucleotides and inserting them into the pMD217 
vector digested by BfuAI (Supplementary Table 1).

The MCP and M-MLV RT have been described elsewhere9,25. Briefly, the 
sequence of M-MLV RT was derived from a PE2 construct via PCR. The vector was 
prepared by excising nCas9 through dual digestion of PE2 plasmids with NotI and 
KpnI. Two gBlock gene fragments were synthesized for fusing MCP and M-MLV 
RT partially together with either a 32-amino acid linker or an NLS linker followed 
by Gibson assembly. The ligation mixtures were transformed into competent 
HB101 cells. The colonies were selected and confirmed by Sanger sequencing.

The scFv-RT plasmids were constructed by replacing nCas9 with the scFv 
fragment in PE2. The scFv sequence was derived from Addgene 60904 via PCR26 
followed by Gibson assembly. The 3×Flag-RT plasmid was constructed by excising 
nCas9. The 3×Flag sequence was derived from Addgene 80456 via PCR, and the 
DNA fragments were assembled by Gibson assembly.

Gene fragments of alternative RTs along with their bridging fragments were 
synthesized by Genewiz. PEs with alternative RTs were constructed by Gibson 
Assembly with PE2 digested by EcoRI and BsmI. Split alternative RT plasmids were 
modified from the 3×Flag-RT plasmid by digesting with NotI and EcoRI followed 
by Gibson Assembly with appropriate gene fragments.

The ribozyme-flanked RNA expression plasmids were constructed by 
replacing the pegRNA sequence from the U6-driven plasmid using Gibson 
Assembly with synthesized ribozyme fragments and a fragment containing the 
transcript to be circularized flanked by the hairpin sequences for circularization 
(Supplementary Sequences).

Plasmids were purified using a Miniprep kit (QIAGEN) or a ZymoPURE II 
Plasmids Midiprep kit for in vitro experiments. Plasmids were purified by using a 
Maxiprep kit (QIAGEN) for in vivo experiments.

Cell culture, transfection and genomic DNA isolation. HEK293T cells acquired 
from ATCC (CRL-3216) were cultured in Dulbecco’s modified Eagle medium 
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
The mCherry and GFP reporter lines have been described elsewhere8. Cells were 
cultured at 37 °C and 5% CO2.

Cell transfection was performed according to the manufacturer’s instructions 
for the Lipofectamine 3000 reagent (Invitrogen, L3000015). Briefly, 1 × 105 cells 
were seeded per well in a 12-well plate overnight. Cells were transfected using 
3 μl of Lipofectamine 3000 and P3000 (2 μl μg–1 DNA). For each well, 330 ng of 
pegRNA, 110 ng of nicking sgRNA and 1 μg of PE2 plasmids were used. The 
same amounts of plasmids were used for sPE groups. Seventy-two hours after 
transfection, cells were collected and lysed using 100 μl of Quick extraction buffer 
(Lucigen). Subsequently, the lysate was incubated on a thermocycler at 65 °C for 
15 min and 98 °C for 5 min.

Mouse genomic DNA was isolated using a PureLink Genomic DNA Mini kit 
(Thermo Fisher) according to the manufacturer’s protocol.

Nucleofection. For nucleofections of mRNA and RNP, the Neon electroporation 
system was used. pegRNAs and nicking sgRNAs were ordered from Integrated 
DNA Technologies as Alt-R gRNA with a chemical modification profile consistent 
with a previous study27. For mRNA nucleofection, 1 μg of each mRNA, 120 pmol 
of pegRNA, 40 pmol of nicking sgRNA and 50,000 HEK293T cells were mixed in 
Buffer R and electroporated using 10-μl Neon tips using the following electroporation 
parameters: 1,150 V, 20 ms, two pulses. After electroporation, cells were plated in 
prewarmed 48-well plates with DMEM containing 10% FBS and incubated for 72 h 
before analysis. For RNP nucleofection, the same conditions were used except that the 
mRNAs were replaced by 61 pmol of nCas9 protein (Alt-R Spy Cas9 H840A Nickase 
V3, purchased from Integrated DNA Technologies) and 150 pmol of NLS–RT protein 
produced in-house. Alt-R Custom Guide RNAs are listed in Supplementary Table 2.

Sanger sequencing and analysis using EditR. PCR amplification was performed 
around the target locus using Phusion Flash PCR Master Mix (Thermo Fisher) and 
specific primers. Sanger sequencing was performed by Genewiz. The results were 
quantified using EditR28.

Deep sequencing and data analysis. Sequencing library preparation was done as 
described previously1. Briefly, for the first round of PCR, specific primers carrying 
Illumina forward and reverse adapters (Supplementary Table 3) were used for 
amplifying the genomic sites of interest with Phusion Hot Start II PCR Master Mix. 
For the second round of PCR, primers containing unique Illumina barcodes were 
used. PCR reactions were performed using the following parameters: 98 °C for 10 s, 
20 cycles of 98 °C for 1 s, 55 °C for 5 s and 72 °C for 6 s, followed by 72 °C for 2 min 
as a final extension. The DNA products of second-round PCR were collected and 
purified by gel purification using the QIAquick Gel Extraction kit (Qiagen). DNA 

concentration was determined by Qubit dsDNA HS assay. Subsequently, the library 
was sequenced on an Illumina MiniSeq following the manufacturer’s protocols.

MiniSeq sequencing reads were demultiplexed by bcl2fastq (Illumina). Prime 
editing efficiency was determined by aligning amplicon reads to a reference 
sequence using CRISPResso2 (ref. 29) using HDR mode with a quantification 
window ranging from 3 bp before the pegRNA cut site to 1 bp after the nicking 
sgRNA cut site. Only reads with an average quality score ≥35 and a minimum 
homology of 90% are included in the analysis. The percentage of ‘HDR’ in 
the CRISPResso report represented the percentage of desired editing, and the 
percentage of indels was calculated as the sum of the percentages of ‘Ambiguous’, 
‘Imperfect HDR’ and ‘NHEJ’ groups in the report.

Off-target analysis has been described elsewhere1. On-target and off-target 
genomic loci were amplified using PCR with primer sequences listed in 
Supplementary Table 3 and sequenced on an Illumina MiniSeq.

In vitro transcription. To construct the in vitro transcription templates, a 
CleanCap Reagent AG-compatible T7 promoter (TAATACGACTCACTATAAG) 
and a 5′-UTR were inserted at the 5′ end of the Kozak sequence of the coding 
sequence in the mammalian expression vectors for nCas9, M-MLV RT and PE2. 
Additionally, a 3′-UTR, a 110-nt poly(A) tract and a restriction site (BsmBI) were 
inserted after the stop codon. Plasmids were completely linearized using BsmBI 
(New England Biolabs) before being used in the in vitro transcription, which was 
performed at 37 °C using a HiScrib T7 High Yield RNA Synthesis kit (New England 
Biolabs) with the addition of CleanCap Reagent AG (Trilink Biotechnologies) for 
Cap1 structure and with a 100% replacement of UTP by N1-Methylpseudo-UTP 
(Trilink Biotechnologies). The reaction was terminated after 4 h by a 15-min 
incubation with DNase I (New England Biolabs). The RNA was then purified using 
a Monarch RNA Cleanup kit (New England Biolabs).

Flow cytometry analysis. Flow cytometry analysis was performed on day 3 after 
transfection. mCherry or GFP reporter lines were collected after PBS washing 
and 0.25% trypsin digestion, followed by recentrifuging at 300g for 5 min and 
resuspension in PBS with 2% FBS. The proportions of GFP– and/or mCherry+ cells 
were quantified using flow cytometry (MACSQuant VYB). Data were analyzed 
by FlowJo v10 software. FACS gating examples for reporter cells are shown in 
Extended Data Fig. 10.

NLS–RT purification. For bacterial expression of the NLS–RT protein, the coding 
sequence of M-MLV RT was flanked by one SV40 NLS at each end and cloned into 
a pET28a vector, transformed into BL21 (DE3) Rosetta competent cells (Novagen) 
and selected on LB agar plates containing 50 μg ml–1 kanamycin and 17 μg ml–1 
chloramphenicol. One liter of LB + kanamycin + chloramphenicol medium was 
inoculated at 37 °C with 4 ml of overnight culture from a single colony. The culture 
was induced with 1 mM IPTG at an optical density at 600 nm (OD600) of 0.8 for 3 h 
at 37 °C. The pellet was washed with 1× PBS and snap-frozen using liquid nitrogen.

For purification of NLS–RT protein, the cell pellet was resuspended in Lysis 
Buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM imidazole, 1 mM DTT 
and 0.1% Triton X-100) and incubated on ice for 30 min with lysozyme added to 
a final concentration of 1 mg ml–1. The cells were lysed by using an EpiShea Probe 
Sonicator (Active Motif) and cleared by centrifugation at 20,000g for 30 min at 4 °C 
before being loaded onto a column with Ni-NTA resin preequilibrated with Wash 
Buffer I (50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 10 mM imidazole, 1 mM DTT 
and 0.1% Triton X-100). The resin was washed with 10 column volumes of Wash 
Buffer I and 10 column volumes of Wash Buffer II (50 mM Tris-HCl (pH 8.0), 
100 mM NaCl, 10 mM imidazole and 1 mM DTT) before the protein was eluted 
using elution buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 250 mM imidazole 
and 1 mM DTT). The eluate was dialyzed against Buffer A (50 mM Tris-HCl 
(pH 8.0), 100 mM NaCl, 0.1 mM EDTA and 5 mM DTT) overnight before being 
loaded onto a HiTrap SP HP cation exchange chromatography column (Cytiva). 
The column was washed with 10 column volumes of Buffer A before the protein 
was eluted with a 0–100% gradient of Buffer B (50 mM Tris-HCl (pH 8.0), 1 M 
NaCl, 0.1 mM EDTA and 5 mM DTT). The peak fractions were pooled and buffer 
exchanged with Storage Buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.1 mM 
EDTA, 5 mM DTT and 30% glycerol).

Northern blot. Plasmids expressing nCas9, MCP–RT, pegRNA (FANCF 3-nt 
substitution), petRNA (FANCF 3-nt substitution) and sgRNA (FANCF) were 
lipofected into HEK293T cells as described above. Seventy-two hours after 
transfection, total RNA was extracted by using a Monarch Total RNA Miniprep 
kit (New England Biolabs). For RNase H treatment, 100 ng of total RNA from cells 
expressing the sgRNA, petRNA, nCas9 and MCP–RT was incubated with 5 pmol 
RNase H DNA oligonucleotide (Supplementary Table 4), 5 U of RNase H (New 
England Biolabs) and 1× RNase H Reaction Buffer (New England Biolabs) at 37 °C for 
20 min; for RNase R treatment, 100 ng of the same total RNA was incubated with 10 U 
of RNase R (Lucigen) and 1× RNase R Reaction Buffer (Lucigen) at 37 °C for 30 min.

One microgram of total RNA from cells expressing the pegRNA, 100 ng of 
total RNA from cells expressing the petRNA or all of the RNase-treated samples 
were loaded onto a 10% (wt/vol) polyacrylamide mini gel containing 8 M urea. 
After gel electrophoresis, RNAs were transferred onto a Hybond-N+ membrane 
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(Amersham) using a semi-dry transfer apparatus, followed by UV cross-linking 
in a Stratalinker 1800 UV Crosslinker using the ‘auto cross-link’ function. The 
membrane was prehybridized with ULTRAhyb-Oligo hybridization buffer 
(Invitrogen) at 42 °C for 10 min before a 32P-labeled probe (Supplementary Table 4) 
was added for overnight incubation at 42 °C. At the end of the hybridization, the 
membrane was washed twice with 2× SSC and 0.1% SDS for a total of 60 min at 
42 °C. Finally, the membrane was exposed to a phosphor screen (GE Healthcare) 
overnight before the image of the blot was acquired by a Typhoon FLA 9000 
Imaging System (GE Healthcare). Quantitation was performed using ImageJ.

Animals. All mouse studies were approved by the Institutional Animal Care and 
Use Committee (IACUC) at University of Massachusetts Chan Medical School 
(PROTO202000051). All plasmids were prepared using an Endo-Free-Maxi kit 
(Qiagen) and delivered by hydrodynamic tail vein injection. For cancer model 
generation, 8-week-old FVB/NJ mice (strain 001800) were injected with 30 μg of 
PE2 or split nCas9 and RT, 15 μg of pegRNA, 15 μg of sgRNA nicking, 5 μg of pT3 
EF1a-MYC (Addgene, 92046) and 1 μg of CMV-SB10 (Addgene, 24551) via the tail 
vein. The maximal tumor size/burden permitted by the University of Massachusetts 
Chan Medical School IACUC is 1.5 cm, which was not exceeded in this study.

AAV vectors (AAV8 capsids) were packaged and produced at the Viral Vector 
Core of the Horae Gene Therapy Center, University of Massachusetts Medical 
School. Viral titers were measured by gel electrophoresis, silver staining and 
droplet digital PCR. For AAV injection, 1 × 1012 genome copies of AAV-Cas9H840A 
and 1 × 1012 genome copies of AAV-U6-pegRNA-U6-sgRNA-M-MLV-RT were 
resuspended in 200 µl of 0.9% NaCl and administered to 8- to 10-week-old female 
Fahmut/mut mice via tail vein injection.

Histology and IHC. The procedure of IHC staining has been described 
previously30. Briefly, livers were fixed with 4% formalin overnight, embedded 
with paraffin and sectioned at 5 μm, followed by H&E staining for pathology. 
Liver sections were dewaxed, rehydrated and stained according to previous IHC 
protocols31. The following antibodies were used: β-catenin (BD, 610154; 1:200) and 
anti-FAH (Abcam, 1:400). Images were captured by Leica DMi8 microscopy.

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

Data availability
A Reporting Summary for this article is available as a supplementary information 
file. The raw DNA sequencing data are available at the NCBI Sequence Read 
Archive database under project number PRJNA802843. Plasmids for mammalian 
expression of MS2-pegRNA, petRNA, alternative PEs and split RTs as well as for 
bacterial expression of recombinant NLS-M-MLV RT have been deposited to 
Addgene for distribution. Source data are provided with this paper.
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Extended Data Fig. 1 | MS2-PE2 and SunTag-PE2 design. a, Schematic overview of MS2-PE2. The MS2 coat protein (MCP) was fused to the N terminus of 
M-MLV reverse transcriptase to enable recruitment by the MS2-pegRNAs. b, Sizes of Cas9 nickase and MCP-RT ORFs. c, Engineered MS2-pegRNAs with 
MS2 sequences appended into distinct sgRNA stem-loops, or onto the 3′ terminus. d, Schematic overview of SunTag-PE2. e, Schematics of scFv-RT and 
GCN4-Cas9 nickase. The scFv was fused to the N terminus of M-MLV RT (top). The 10xGCN4 epitope was fused to either the N terminus (SunTag-PE) or 
the C terminus of SpyCas9H840A (PE-SunTag).
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Extended Data Fig. 2 | Split-PE, SunTag-PE3 and MS2-PE3 tested in an mCherry reporter line and an endogenous locus. a, A diagram of the mCherry 
reporter line that functions by converting a premature stop codon. b, Sequences of RTT and PBS, non-cognate (PBS + RTT), non-cognate PBS, and 
non-cognate RTT for the mCherry reporter line. c, Multiple MS2-pegRNAs tested in mCherry reporter cell lines. The pegRNA with MS2 on the repeat/
anti-repeat stem-loop (pegRNA-1.1) has the highest editing efficiency (higher even than that of the original PE3) in this mCherry reporter line (n = 2). 
Therefore, the pegRNA1.1-Cas9H840A-MCP-RT system was designated as MS2-PE3. d, SunTag-PE3 and PE3-SunTag were tested in the mCherry reporter 
cell line. Two-tailed unpaired Student’s t-test: *P < 0.05 (n = 3). e, Sanger sequencing and EditR quantification of PE3, Split PE, SunTag-PE3 and MS2-PE3 
by installing “CTT” at HEK3 sites in HEK293T cells. All plasmids were transfected at the same molar ratio. Genomic DNAs were isolated 72 h post 
transfection. f, Dose dependence of the RT-encoding plasmid. One microgram of H840A plasmid was co-transfected with plasmids encoding additional 
sPE components [pegRNA (0.3 µg), nicking sgRNA (0.1 µg), and RT (0.01-2 µg)] per well in a 12-well plate (n = 2). Data and error bars indicate the mean 
and standard deviation of two or three independent biological replicates, as indicated.
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Extended Data Fig. 3 | SunTag-PE3 and MS2-PE3 tested in reporter lines. a, A diagram of the GFP reporter line that is activated by precise insertion of 
18 bp (in place of a 39-bp non-functional sequence). Indels (+1) can restore mCherry expression. b, A diagram of the GFP reporter line that is activated by 
deletion of 47 bp; indels (+1) can restore mCherry expression. c, MS2-PE3 was tested in the GFP reporter line shown in panel a (n = 3). d, SunTag-PE3 was 
tested in the GFP reporter line shown in a (n = 3). e, MS2-PE3 was tested in the GFP reporter line shown in b (n = 3). Data and error bars indicate the mean 
and standard deviation of three independent biological replicates.
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Extended Data Fig. 4 | Amplicon sequencing of MS2-PE3 and SunTag-PE3 at multiple endogenous sites. a, MS2-PE3 for editing by 1-bp substitution 
at multiple endogenous loci, including HEK3, RNF2, VEGFA, and FANCF in HEK293T cells. b, SunTag-PE3 for RNF2 and VEGFR editing to generate a 1-bp 
substitution in HEK293T cells. Two-tailed unpaired Student’s t-test: *P < 0.05, **P < 0.01. Data and error bars indicate the mean and standard deviation of 
three independent biological replicates.
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Extended Data Fig. 5 | Prime editing by alternative reverse transcriptases. a, Illustration of prime editors with alternative RTs. Human codon-optimized 
E.r. maturase RT and GsI-IIC RT were cloned into the original PE2 in place of the M-MLV RT. b, Prime editing by alternative RT orthologs at the VEGFA site 
by 3-nt substitutions (+2 G to C and +4-5 GG to CT). Two-tailed unpaired Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001. Data and error bars indicate 
the mean and standard deviation of three independent biological replicates.
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Extended Data Fig. 6 | Prime editing using mutant PE2 and sPE components. Representative Sanger sequencing traces from prime editing experiments 
using mutant PE2 and sPE components. HEK293T cells were transfected with indicated plasmids, along with others encoding pegRNA and nicking 
sgRNA. Prime editing introduces a 3-nt substitution at the FANCF locus (+2 C to T and +4-5 TG to AC). The experiment was repeated two times. Sanger 
sequencing traces were analyzed by EditR.
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Extended Data Fig. 7 | Split PE2 enables genome editing in adult mice. a, Representative images of tumors in liver with PE3 or split PE. Control group was 
pegRNA-injected only. b, Amplicon sequencing from representative animals using genomic DNA isolated from tumors.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Prime editing by separate RNA modules. a, Schematic of proof-of-concept experiment on delivering the RT template separately. 
The 3’ extension of the pegRNA (the RTT-PBS sequence) was removed from the 3’ of the tracrRNA scaffold and provided separately under the control of 
a U6 promoter. An sgRNA plasmid was co-transfected to carry out the nicking event in conjunction with the nCas9. b, Illustration of the circularization 
pathway to generate petRNAs. c, PE efficiency by modular RNA components at the FANCF locus introducing a 3-nt substitution (+2 C to T and +4-5 TG 
to AC). Plasmids expressing RNAs were co-transfected with Cas9H840A and the split RT, which lacks the MCP domain. Nicking sgRNAs were used for all 
prime editing. d, Validation of petRNA adaptability to an alternative nickase. The petRNA was designed to target a site at the FANCF locus where SpyCas9 
and SauCas9 nickases share the same nick and thus a single petRNA guide/primer/template sequence. The petRNA and the MCP-RT were co-transfected 
with plasmids encoding SpyCas9H840A-sgRNA or SauCas9N580A. Nicking sgRNAs were used for all prime editing. Two-tailed unpaired Student’s t-test: 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data and error bars indicate the mean and standard deviation of three independent biological replicates.
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Extended Data Fig. 9 | Comparison of PE, sPE, and petRNA off-target effects at known Cas9 off-target sites of FANCF and HEK4 using deep 
sequencing. On-target edits are shown in red and off-target edits are shown in green. Data and error bars indicate the mean and standard deviation of 
three independent biological replicates.
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Extended Data Fig. 10 | In vitro transcribed mRNA and purified RT protein used in the nucleofections, and FACS gating strategy. a, Denaturing agarose 
gel analysis of the mRNAs produced in-house. The coding sequences of nCas9, MMLV-RT or PE2 were flanked by a capped 5’ UTR and a 3’ UTR, followed 
by a 110-nt poly(A) tract. b, SDS-PAGE analysis of the purified MMLV-RT protein. C, FACS gating examples for reporter cells.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Illumina MiniSeq

Data analysis CRISPResso V2.0.32 was used to analyze deep data for quantifying editing efficiency. FlowJo software V10 was used for flow cytometry 
analysis. Frequency, mean, and standard deviations were calculated using GraphPad Prism 8.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

A reporting summary for this article is available as a Supplementary Information file. The raw gel images underlying Fig 3 and Supplementary Fig 10 are provided as 
a Source Data File and an additional supplementary data file, respectively. The raw DNA sequencing data are available at the NCBI Sequence Read Archive database 
under PRJNA802843.



2

nature research  |  reporting sum
m

ary
April 2020

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size 1x105 cells were used for editing in culture system for Lipo3000 transfection. 5x104 cells were used for editing in culture system for 
electroporation. All cell samples were evaluated in at least biological triplicates (n = 3) to ensure the reproductability. Our previous editing 
studies have shown that this sample size and replications are sufficient to ensure reproducibility (Song et al, Nature Biomedical 
Engineering,2019 and Jiang et al, Ibraheim et al, Nature Communications, 2021).  For animal experiment, we described the size in the specific 
figure legend. The size is determined based on the availability of the mice and previous reports (Song et al, Nature Biomedical Engineering). 

Data exclusions No data was excluded.

Replication All the culture-related experiments were done in biological triplicate in culture cells, n=3 ,on different days (every three days). All attempts at 
replication were successful, and standard deviations were in the expected ranges.

Randomization After seeding cell into 12-well plate, we randomly decided which well is for experiment group or control group. For mouse experiment, we 
randomly decide the mice treated for PE3 or sPE and for short or long-term studies.

Blinding It is not applied to molecular and cell experiments. All mouse work are blind. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used beta-catenin antibody (BD, 610154) IHC 1:100. Fumarylacetoacetate hydrolase antibody (ab83770, Abcam Inc), IHC 1:400

Validation The specificity of the beta-catenin antibody has previously been confirmed showing nuclear beta-Catenin specifically in beta-Catenin 
mutant cells in mouse liver (Xue et al, Nature, 2014).  The specificity of the anti-Fah antibody has previously been confirmed (Yin et 
al, Nature Biotech, 2016). 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293T cells, HEK293T-TLR/mCherry  cells

Authentication HEK293T (ATCC) cells were valiated by supplier (ATCC) by STR analysis. And HEK293T-TLR cells were valiated using specific 
primers to amplify the inserted cassette. And the PCR products were analyzed by Sanger Sequencing. 

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination
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Commonly misidentified lines
(See ICLAC register)

The cell lines used in this article are not in the list of misidentified lines.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Fah PM mice was a mouse model of tyrosinemia. 9-week-old female mice were used in this study. Temperature of 65-75°F (~18-23°
C) with 40-60% humidity are kept in the mouse room. A 14-hour light/10-hour dark cycle. 

Wild animals No wild animals were used in the study.

Field-collected samples No field-collected samples were used in the study

Ethics oversight All animal study protocols were approved by the UMass IACUC. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Post-editing HEK293T-TLR/mCherry cells were trypsinized, resuspended in 200ul PBS with 1% FBS, and directly analyzed by 
flow cytometry.  

Instrument mCherry analysis is analyzed by MACSQuant VYB Flow Cytometer.

Software All data were analyzed by FlowJo10.0 software

Cell population abundance mCherry positive rates w=mCherry positive cell number / total live cell number; GFP positive rates w=GFP positive cell 
number / total live cell number

Gating strategy The cells were first gated based on FSC/SSC and FSCA/FSCH to select for live single cells. Unedited cells were employed as 
negative control for gating mCherry/GFP signal.  

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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