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Prime editing can induce any small-sized genetic change, 
including insertions, deletions and all 12 possible point muta-
tions, without donor DNA or double strand breaks1. There are 

four types of prime editors (PEs): PE1, PE2, PE3 and PE3b1. PE1 
and PE2 are composed of a clustered regularly interspaced short 
palindromic repeats (CRISPR)-associated protein 9 (Cas9) nickase–
reverse transcriptase (RT) fusion protein and a prime-editing guide 
RNA (pegRNA)1. PE3 and PE3b consist of PE2 and one additional 
single guide RNA (sgRNA)1.

Prime editing has been used in cultured mammalian cells1,2 
and organoids3, plants4 and mouse embryos5 to introduce genetic 
changes in a targeted manner. Before prime editing can be applied 
to treat genetic diseases in humans, correction of both pathogenic 
mutations and phenotypes of animal models of human genetic dis-
eases must first be demonstrated. In this study, we show that prime 
editors delivered into mouse models of genetic liver and eye dis-
eases can precisely correct the disease-causing mutation, leading to 
functional improvement.

Results
A mouse model of tyrosinemia and high-throughput evaluation 
of pegRNAs. As a prototypic disease model for prime-editing-based 
therapeutic genome editing in adult animals, we first chose a 
mouse model of hereditary tyrosinemia type 1 (Fahmut/mut), which 
is caused by a loss-of-function mutation in the fumarylacetoacetate  

hydrolase gene (Fah)6,7. The mouse model contains a homozy-
gous G-to-A point mutation at the last nucleotide of exon 8, which 
causes exon 8 skipping and results in loss of function of FAH  
(Fig. 1a). Pharmacological inhibition of 4-hydroxyphenylpyruvate 
dioxygenase, an enzyme that acts upstream of FAH in the tyrosine 
catabolic pathway, with 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC) reduces the accumulation of toxic 
metabolites and thus prevents hepatic injury6. We and others have 
used this mouse model for testing various in vivo genome-editing 
approaches, including methods based on homology-directed repair 
(HDR)8,9, microhomology-mediated end joining10 and base edit-
ing11. In addition, because hydrodynamic injections have commonly 
been used to deliver genome-editing components for Cas9-directed 
HDR8, microhomology-mediated end joining10 and base editing11 in 
this mouse model, use of the same delivery method for prime edi-
tors should facilitate a comparison of prime editing with the other 
genome-editing approaches.

To find a pegRNA that could induce efficient prime editing to 
correct the pathogenic point mutation, we first identified PE2 tar-
get sequences near the mutation site, which were located at posi-
tions ranging from −38 base pairs (bp) to +41 bp from the mutation 
site. Because only two target sequences with an NGG protospacer 
adjacent motif (PAM) were available near the mutation site, we 
generated PE2 on the basis of SpCas9-NG (Fig. 1b), a variant of 
Cas9 from Streptococcus pyogenes (SpCas9) that has wider PAM  
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compatibility than SpCas912–14. We identified nine target sequences 
for SpCas9-NG-based PE2 (hereafter NG-PE2) for the intended edit-
ing of the point mutation (Fig. 1c). Given that Cas9 nuclease activity 
is one of the most important factors determining PE2 efficiency2, we 

first calculated the predicted nuclease activity of SpCas9-NG at the 
nine sites using DeepSpCas9-NG14. One of the nine target sequences 
(target ID 6) showed a very low predicted activity (Supplementary 
Table 1), so we removed that target sequence from subsequent 
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Fig. 1 | A mouse model of tyrosinemia and high-throughput evaluation of pegRNAs. a, Exon 8 skipping in Fahmut/mut mice. The G-to-A point mutation 
(red) at the last nucleotide of exon 8 of the Fah gene leads to exon 8 skipping during splicing. b, A schematic representation of the plasmid encoding 
NG-PE2. NG-PE2, a fusion of SpCas9-NG H840A nickase with Moloney murine leukaemia virus reverse transcriptase (M-MLV RT), is expressed from 
the elongation factor 1α short promoter (EFS). The protein encoded by the blasticidin-resistance gene (BSD) is co-expressed as a fusion with PE2, 
from which it is cleaved by the self-cleaving P2A. LTR, long terminal repeat; NLS, nuclear localization sequence; P2A, porcine teschovirus-1 2A; WPRE, 
woodchuck hepatitis virus posttranscriptional regulatory element. c, SpCas9-NG-based PE2 target sequences for correction of the disease-causing point 
mutation in Fah. The protospacer and PAM of each target sequence are represented by green and blue lines, respectively. The numbers on the left and 
right indicate the target sequence IDs. Exon and intron sequences are shown in upper and lower case letters, respectively. d, A schematic representation 
of the lentiviral library of pegRNA–target sequence pairs. Each pegRNA is paired with a wide target sequence that includes a protospacer, a PAM and 
neighbouring sequences. pegRNA expression is driven by the human U6 promoter (hU6). The library included a total of 435 pegRNA–target pairs, with the 
pegRNAs containing PBSs of five different lengths (7, 9, 11, 13 or 15 nt) and 10 to 11 different RT template lengths (6 to 40 nt). Spacer, guide sequence of 
pegRNA. e, Prime-editing efficiencies in replicates independently transfected with the NG-PE2- or PE2-encoding plasmid. The red and black dots indicate 
NG-PE2-induced editing using pegRNAs with corresponding target sequences with NGG and NGH PAMs, respectively, whereas the blue dots represent 
PE2-induced editing using pegRNAs with target sequences with NGG and NGH PAMs. The IDs of pegRNAs that showed high efficiencies using NG-PE2 
and PE2 are indicated with red and black arrows. The number of pegRNA and target sequence pairs n = 339 for experiments in which NG-PE2 was used 
(black and red dots) and n = 339 for experiments in which PE2 was used (blue dots) (out of 435 pairs, those evaluated in both replicates after filtering out 
pairs with insufficient read counts or high levels of background editing are shown (Methods)). f, Comparison of PE2- and NG-PE2-induced prime-editing 
efficiencies at target sequences with NGG PAMs. The position where PE2 and NG-PE2-induced efficiencies would be the same is shown using a blue 
dashed line (y = x). The Spearman (R) and Pearson (r) correlation coefficients are shown. n = 100 pegRNA and target sequence pairs.
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pegRNA evaluations. For the remaining eight target sequences, we 
designed pegRNAs containing primer binding sites (PBSs) of five 
different lengths (7, 9, 11, 13 or 15 nucleotides (nt)) and 10 to 11 
different RT template lengths (6 to 40 nt) (Fig. 1d).

To undertake a high-throughput evaluation of the resulting 
435 pegRNAs, we generated a lentiviral library containing the 
435 pegRNA-encoding sequences paired with the correspond-
ing target sequences2 (Extended Data Fig. 1). Next, this lentiviral 
library was transduced into HEK 293T cells to make cell librar-
ies. These cell libraries were then transiently transfected with 
plasmids encoding NG-PE2. Five days after the transfection, the 
target sequences were analysed by deep sequencing. The high-
est prime-editing efficiency (9.0%) was observed with a pegRNA 
(pegRNA ID 135) that targets a sequence with an NGT PAM 
(Fig. 1e, Supplementary Table 2). The second (7.9%) and third 
(6.9%) highest prime-editing efficiencies were also observed 
with pegRNAs (pegRNA IDs 136 and 137) that target the same 
sequence targeted by pegRNA ID 135. The fourth and fifth high-
est prime-editing efficiencies were 6.6% and 6.5%, which were 
observed with two pegRNAs (pegRNA IDs 88 and 89, respec-
tively; Supplementary Table 2) targeting a common sequence 
(target sequence ID 2) with an NGG PAM. However, according 
to DeepSpCas9-NG14, the predicted SpCas9-NG nuclease activ-
ity at the NGT PAM-containing target sequence that corresponds 
to pegRNA ID 135 was only 17.0, which was substantially lower 
than 52.4, the SpCas9 nuclease activity predicted by DeepSpCas915 

at the NGG PAM-containing target sequence (Supplementary  
Table 2). Thus, we expected that the prime-editing efficiencies of 
PE2 with pegRNA ID 88 or 89 would be higher than that of NG-PE2 
with pegRNA ID 135. To test this expectation, we performed the 
same high-throughput evaluation experiments using PE2 instead 
of NG-PE2. As expected, PE2-driven prime-editing efficiencies 
were substantially higher than those induced by NG-PE2 at target 
sequences with NGG PAMs (mean and median fold increases were 
3.9- and 3.6-fold, respectively; for accuracy of the fold-increase 
calculation, pegRNAs that showed NG-PE2-induced efficiencies 
lower than 0.5% were excluded from the calculation) (Fig. 1f). The 
top four highest prime-editing efficiencies induced by PE2 were 
18.5%, 17.1%, 15.6% and 15.5% (obtained using pegRNA IDs 88, 
90, 92 and 89, respectively), which were all higher than the highest 
prime-editing efficiency of 9.0% obtained using NG-PE2 (Fig. 1e).

Evaluation of PE2 efficiencies using target sequence–containing 
cells. We next tested the three pegRNAs that showed the highest edit-
ing efficiencies with NG-PE2 (IDs 135, 136 and 137) and the three 
pegRNAs associated with an NGG PAM that showed the highest effi-
ciency with NG-PE2 (IDs 88, 89 and 90) by individual evaluations. We 
generated HEK 293T cells containing the target sequence by trans-
duction of target sequence–containing lentiviral vector (Fig. 2a).  
The cells were transiently transfected with plasmids encoding 
NG-PE2 and pegRNA 135, 136 or 137 or plasmids encoding PE2 
and pegRNA 88, 89 or 90. Deep sequencing showed that the average 
PE2-directed prime-editing efficiencies of pegRNAs 88, 89 and 90 
were 17.6%, 18.7%, and 12.9%, respectively, which were higher than 
the NG-PE2-induced prime-editing efficiencies of pegRNAs 135, 
136 and 137 (3.9%, 3.6%, and 6.3%, respectively) (Fig. 2b). Thus, we 
chose pegRNA 89, which showed the highest editing efficiency, for 
subsequent studies.

PE3 corrects the disease mutation and phenotype in Fahmut/mut 
mice. The initial study of prime editing suggested that the edit-
ing efficiency of PE3 and PE3b would generally, albeit not always, 
be higher than that of PE2 when tested in cultured mammalian 
cells1. Thus, we attempted to use PE3 or PE3b for in vivo genome 
editing by adding an sgRNA. On the basis of the DeepSpCas9 
score15, we selected a highly active sgRNA (ID 1) that enables PE3 
(Supplementary Table 3, Supplementary Fig. 1a).

We next delivered plasmids encoding the selected pegRNA, the 
sgRNA and PE2 (Supplementary Fig. 1b–d) into 5- to 7-week-old 
Fahmut/mut mice using hydrodynamic injection, after which the mice 
were treated with NTBC for 7 d (Fig. 3a). After discontinuation of 
NTBC, all mice that had received PE3 (that is, PE2, pegRNA and 
sgRNA) survived until the end of the experiment (40 d), whereas 
all mice injected with phosphate-buffered saline as a negative con-
trol showed substantial weight loss and died before 30 d (Fig. 3b). 
This extended survival and the prevention of weight loss suggest 
PE3-induced amelioration of the disease phenotype, which is con-
sistent with the results of previous studies involving genome editing 
in this mouse model6–8,10,11.

To evaluate whether prime editing rescues exon 8 skipping, at 
the end of the experimental period (40 d) we conducted PCR with 
reverse transcription (RT–PCR) using liver mRNA as the template11 
and primers binding exons 5 and 9. A 305-bp PCR amplicon, which 
indicates exon 8 skipping, was observed for Fahmut/mut mice, whereas 
a single 405-bp PCR amplicon, which indicates that exons 5 to 9 are 
intact, was seen for wild-type mice (Fig. 3c). All five mice injected 
with PE3 showed both 305- and 405-bp amplicons, suggesting 
that exon 8 skipping was rescued in a fraction of hepatocytes. 
Sequencing of the 405-bp amplicon confirmed that the mutant 
sequence was corrected at the mRNA level (Fig. 3d). Quantitative 
RT–PCR (RT–qPCR) revealed that the relative average level of exon 
8-containing Fah mRNA in PE3-treated Fahmut/mut mice was 12% of 
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Fig. 2 | evaluation of Pe2 efficiencies using target sequence–containing 
cells. a, Schematic representation of the lentiviral vector containing the 
mutant Fah target sequence found in Fahmut/mut mice. The target sequence 
is shown; the mutant base pair is shown in red. HEK 293T cells were 
transduced with this lentiviral vector to generate target sequence–
containing cells. mRFP, monomeric red fluorescent protein; E2A, equine 
rhinitis A virus 2A; HygroR, hygromycin resistance. b, Prime-editing 
efficiencies of six pegRNAs (IDs 88, 89, 90, 135, 136 and 137) in the target 
sequence–containing cells when combined with NG-PE2 or PE2. Frequencies 
were measured 5 d after transfection of a pegRNA-encoding plasmid and a 
PE2- or NG-PE2-encoding plasmid. The ID of the pegRNA used is shown on 
the x-axis. Data are mean ± s.d. n = 3 independent transfections.
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that in wild-type mice, whereas such mRNA was not detectable in 
control Fahmut/mut mice (Fig. 3e), corroborating that PE3 corrected 
the exon 8 skipping mutation.

We next quantified the frequency of FAH+ cells in the livers of 
PE3-treated mice. Immunofluorescence staining showed that FAH+ 
cells were present at an average frequency of 0.07% (range, 0.01% to 
0.12%) at day 0 (the day NTBC was discontinued) and at an aver-
age frequency of 61% (range, 45% to 75%) at day 40 (Fig. 3f and 
Supplementary Fig. 2). Deep sequencing of liver DNA revealed 
that the intended edit was not detectable at day 0 (data not shown), 
which is in line with a previous study of HDR-based genome edit-
ing using this mouse model8. The intended edit was present at an 
average frequency of 11.5% (range, 6.7% to 18%) at day 40 (Fig. 4a). 
The reason that the frequency of FAH+ cells is higher than the fre-
quency of editing at the DNA level would be because the majority of 

hepatocytes are polyploid16 and because nonparenchymal cell DNA 
is mixed with that of hepatocytes; similar results were observed in 
the previous genome-editing studies using this mouse model8,11. 
The observed editing efficiencies are comparable to those obtained 
with previous approaches using HDR (9.3% at 33 d after the deliv-
ery of genome-editing components and 30 d after NTBC with-
drawal)8, microhomology-mediated end joining (5.2% at 37 d after 
the delivery of genome-editing components and 30 d after NTBC 
withdrawal)10 and base editing (9.5% at 38 d after the delivery of 
genome-editing components and 32 d after NTBC withdrawal)11 
in this mouse model when the genome-editing components were 
delivered using hydrodynamic injections, although direct com-
parisons are difficult due to the differences in the time points at 
which the editing efficiencies were analysed and at which NTBC 
was discontinued.
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PE3 corrects the disease-causing mutation in a highly precise 
manner. We next determined whether PE3 induced any unin-
tended editing including insertion–deletions (indels) in or near the 
target sequence in the mouse liver. Deep sequencing revealed that 
unintended substitutions at or near the targeted nucleotide were 
not detected in any of the mice and that the level of indels ranged 

from only 0.4% to 1.2% (average, 0.78%) (Fig. 4a,b). In the case of 
the Cas9-directed HDR approach, the frequency of indels observed 
at the target site was 26%, which is 33-fold higher than the level 
induced by PE3 in this study. When adenosine base editor was 
used, the frequency of unintended substitutions observed near the 
target nucleotide11 was 1.9%. Thus, these data suggest that prime 
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point where the normalized frequency is zero. Data are mean ± s.d. n = 5 mice. b, Substitution frequencies at positions ranging from −20 bp to +20 bp 
of the target nucleotide in PE3-treated mice. The frequencies were normalized by subtracting the average edit frequencies in the control group injected 
with phosphate-buffered saline to exclude errors originating from PCR amplification and sequencing. The red horizontal line represents the location 
where the normalized frequency is zero (to show the values on a logarithmic scale, 0.3% was added to every value on the y axis). Positions are numbered 
from the pegRNA nicking site. The targeted position is at +10. Data are mean ± s.d. n = 5 mice. c, Potential off-target sites experimentally captured by 
Digenome-seq (D) and nDigenome-seq (nD) or computationally predicted by CRISPOR (C). Nucleotides in red indicate mismatched sequences, and 
nucleotides in blue represent PAM sequences. d,e, Frequencies of the intended substitution (d) and indels (e) at the 11 potential off-target sites for the 
used pegRNA (ID 89) (OT1–OT11) and at the four potential off-target sites for the used sgRNA (sOT1–sOT4) in PE3-treated liver tissues. Genomic DNA 
isolated from the livers of Fahmut/mut mice without PE3 treatment was used as the negative control (untreated). n = 2 or 3 mice.
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Fig. 5 | AAV-mediated prime editing in the retina and RPe of wild-type mice. a, Schematic representation of experiments together with maps of the AAV 
vectors used. The lengths of the sequences between the two inverted terminal repeats (ITRs) in each vector are shown in parentheses. Two trans-splicing 
PE2-expressing AAVs (TS-PE2-N and TS-PE2-C-WPRE) were delivered together with an AAV expressing pegRNA and sgRNA into the retina and RPE via 
intravitreal injection. The retina and RPE cells were collected for deep sequencing six weeks after the injection. NT-nCas9, N-terminal region of SpCas9 
H840A nickase; SD, splicing donor; SA, splicing acceptor; CT-nCas9, C-terminal region of SpCas9 H840A nickase. b,c, Frequencies of intended and 
unintended edits in the RPE (b) and retina (c) of PE3-treated mice. The frequencies were normalized by subtracting the average frequencies of such edits 
in the negative control group that were not injected with PE3 to exclude errors originating from PCR amplification and sequencing. Substitutions near  
the targeted nucleotide were evaluated over a 40-bp range centred on the targeted nucleotide. Indels were measured over a 136-bp range centred on the 
pegRNA nicking site. The red horizontal line represents the location where the normalized frequency is zero. Data are mean ± s.d. n = 3 mice.  
d, Substitution frequencies at positions ranging from −20 bp to +20 bp of the target nucleotide in the RPE treated with PE3. The frequencies were 
normalized by subtracting the background substitution frequencies in controls that were not treated with PE3. The red horizontal line represents the 
location where the normalized frequency is zero (to show the values on a logarithmic scale, 0.4% was added to every value on the y axis). Positions are 
numbered from the pegRNA nicking site. The targeted position is at +2. Data are mean ± s.d. n = 3 mice.
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editing can be more precise than the other approaches in mouse 
somatic cells.

To quantify the off-target effects of PE3, we identified 11 
potential off-target sites of the pegRNA using Digenome-seq and 
nDigenome-seq—unbiased experimental methods to find potential 
off-target sites for a pegRNA17,18, and CRISPOR19—a computational 
method, as well as 4 potential off-target sites of the used sgRNA 
using CRISPOR19 (Supplementary Table 4). Given that prime editor 
is based on H840A Cas9 nickase, nDigenome-seq should be suf-
ficient as an unbiased experimental method for identifying poten-
tial off-target sites. However, given that most studies—including 
the initial study of prime editing—used Cas9 nuclease to experi-
mentally1,20 or computationally5,21 identify potential off-target sites 

of prime editing, using both Digenome-seq and nDigenome-seq 
would be a more inclusive approach, which could lead to more thor-
ough analysis of potential off-target sites and enable possible com-
parisons with results from the other studies based on Cas9 nuclease. 
Deep sequencing revealed no off-target effects, including intended 
substitutions or indels, at any of the 15 sites (Fig. 4c–e). This highly 
specific editing by PE3 is in line with results showing that off-target 
effects were not detectable when PE3 was used in mouse embryos5 
or human organoids3 and is also compatible with the low frequency 
of off-target effects of PE3 in cultured mammalian cells1,18.

PE2 corrects the disease mutation and phenotype in Fahmut/mut 
mice. We also performed similar experiments using PE2, which 
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Fig. 6 | identification of efficient pegRNAs for the correction of the lCA-causing mutation in rd12 mice, followed by subretinal injection of AAV-Pe2 to 
correct the mutation in vivo. a, The rd12 mouse model has a homozygous C-to-T nonsense mutation (red) in exon 3 (E3) of the Rpe65 gene, leading to a 
premature stop codon (underlined). b, The correlation between prime-editing efficiencies in replicates independently transfected with NG-PE2-encoding 
plasmids. Red and black dots indicate pegRNAs with corresponding target sequences with NGG and NGH PAMs, respectively. The blue arrow indicates 
the pegRNA selected for subsequent experiments. The Spearman (R) and Pearson (r) correlation coefficients and trend line are shown. n = 309 pegRNA–
target sequence pairs. c, A vector map of an AAV vector encoding a pegRNA and mCherry. d, Frequencies of intended and unintended edits in the RPE of 
AAV-PE2-treated rd12 mice. The frequencies were normalized by subtracting the average frequency of such editing in the control group without AAV-PE2 
injection to exclude errors originating from PCR amplification and sequencing. Substitutions near the targeted nucleotide were evaluated over a 40-bp 
range centred on the target nucleotide. Indels were measured over a 60-bp range centred on the pegRNA nicking site. The red horizontal line represents 
the location where the normalized frequency is zero. Data are mean ± s.d. n = 5 mice. e, Substitution frequencies at positions ranging from −20 bp to 
+20 bp from the target nucleotide, in the RPE of PE2-treated rd12 mice. The frequencies were normalized by subtracting the average edit frequencies in 
the RPE of rd12 mice without PE2 treatment to exclude errors originating from PCR amplification and sequencing. The red horizontal line represents the 
location where the normalized frequency is zero (to show the values on a logarithmic scale, 0.5% was added to every value on the y axis). Positions are 
numbered from the pegRNA nicking site. The targeted position is at +2. Data are mean ± s.d. n = 5 mice.
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does not require an sgRNA, instead of PE3 (Extended Data Fig. 2a). 
Fahmut/mut mice treated with PE2 (not NG-PE2) and the pegRNA 
used for the PE3 experiments described above survived until the 
end of the experiment (60 d after the initial NTBC withdrawal), 
whereas the control Fahmut/mut mice all died within 30 d (Extended 
Data Fig. 2b). RT–qPCR showed that the expression level of Fah 
mRNA containing intact exon 8 in PE2-treated mutant mice was 
on average 6.9% of that in wild-type mice, but that the expres-
sion in untreated mutants was undetectable (Extended Data Fig. 
2c). Immunofluorescence staining showed that an average of 33% 
of liver cells from PE2-treated mutant mice were FAH+ at 60 d 
(Extended Data Fig. 2d).

PE2 corrects the mutation without any detectable unintended 
substitutions, indels, bystander effects or off-target effects. We 
analysed genomic DNA isolated from the PE2-injected mice. When 
the mice were treated with NTBC up to day 0 (7 d after PE2 injec-
tion) without partial hepatectomy, the intended editing was not 
detected (data not shown). When analysed by deep sequencing at 
the end of the experiments (60 d after the initial NTBC withdrawal), 
we found that the intended edit was present in an average of 4.0% 
(range, 2.4% to 5.9%) of the total sequencing reads (Supplementary 
Fig. 3a). No unintended edits, including indels, unintended sub-
stitutions at the targeted nucleotide or bystander-nucleotide edits, 
were detectable (Supplementary Fig. 3a,b). Furthermore, no 
off-target effects, including substitution mutations or indels, were 
detected when we evaluated the 11 potential off-target sites of the 
pegRNA using Digenome-seq17, nDigenome-seq18 and CRISPOR19 
(Supplementary Fig. 3c,d and Supplementary Table 4). Together, 
these results suggest that PE2-mediated prime editing in mice can 
correct the disease-causing mutation in a highly precise and specific 
manner, which could not have been achieved using other previously 
used genome-editing approaches based on either a CRISPR nucle-
ase or a base editor.

AAV-mediated prime editing in the retina and retinal pigment 
epithelium of wild-type mice. We next investigated whether 
prime editing could be achieved in a different adult tissue using 
a different delivery method. Given that there are several genetic 
retinal diseases that could potentially be treated using therapeu-
tic genome editing22, we chose to test in vivo prime editing in the 
retina of adult mice. We also chose adeno-associated virus (AAV) 
for the delivery of PE2-, pegRNA- and sgRNA-encoding sequences, 
because AAV has been used to efficiently deliver sequences encod-
ing other genome-editing tools including engineered nucleases 
and base editors. Given that the coding sequence of PE2 is 6,273 bp 
long, which is longer than the cargo size limit of AAV, we used the 
trans-splicing AAV (tsAAV) vector23–25 (serotype 8) (Fig. 5a). As 
a proof-of-concept study of prime editing in the retina, we chose 
to target the Atp7b gene, because editing this gene is not expected 
to affect the viability or function of retinal cells. We designed four 
pegRNAs that would induce a G-to-A substitution and chose the 
one associated with the highest activity (8.3%) in cultured neuro2A 
cells (Supplementary Fig. 4a,b). An sgRNA that was predicted to 
be highly active was selected using DeepSpCas915 (Supplementary  
Fig. 4a and Supplementary Table 5).

AAV-mediated prime editing in the retina and RPE did 
not induce any detectable unintended substitutions, indels, 
bystander effects or off-target effects. We delivered two tsAAV 
vectors, one encoding the N-terminal half of PE2 and the other 
encoding the C-terminal half, together with an AAV vector encod-
ing the Atp7b-targeting pegRNA and sgRNA, into the mouse retina 
and retinal pigment epithelium (RPE) using intravitreal injection. 
Six weeks after the injection, the mice were euthanized and the RPE 
and retina were collected and analysed (Fig. 5a). Deep sequenc-
ing showed that the average editing efficiencies were 1.82% and 
1.87% in the RPE and retina, respectively, without detectable indels 
or unintended substitutions at or nearby the targeted nucleotide  
(Fig. 5b–d and Supplementary Figs. 5 and 6). These data suggest 
that AAV-mediated PE3 delivery can induce precise genome editing 
in the retina and RPE of adult mice. Given that a frequency of even 
1.17% of the desired edit can lead to a substantial improvement in 
retinal function in a mouse model of a human genetic eye disease26, 
this level of PE3-induced genome editing could be useful for thera-
peutic genome editing.

We found 11 potential off-target sites of the used pegRNA 
using Digenome-seq, nDigenome-seq18 and CRISPOR19, and four  
potential off-target sites of the sgRNA using CRISPOR19 
(Supplementary Fig. 7a and Supplementary Table 4). Deep sequenc-
ing at those 15 sites revealed no detectable off-target substitutions 
or indels (Supplementary Fig. 7b,c), corroborating that prime edit-
ing is highly specific.

Identification of pegRNAs for in vivo prime editing in a genetic 
eye disease model. We next investigated whether prime editing 
could be achieved in another disease model. Leber congenital amau-
rosis (LCA) encompasses a group of monogenic genetic eye diseases 
involving retinal degeneration that causes severe early-onset visual 
deterioration27,28. So far, mutations in at least 18 genes have been 
reported to be associated with LCA. One representative gene, RPE65, 
encodes an isomerohydrolase that produces 11-cis retinal, which 
is essential in the visual cycle27,29. Several therapeutic approaches 
have been tested to rescue the pathology of LCA. Subretinal injec-
tion of AAV encoding wild-type RPE65 improved visual function 
in human patients30. However, the possibility that the exogenous 
transgene might be silenced after a long period of time cannot be 
ruled out31,32. CRISPR–Cas9 nuclease and antisense oligonucle-
otides have been used to bypass a splicing defect-inducing mutation 
in CEP290, another representative LCA-causing gene, in primates 
and human patients33,34. However, the antisense-oligonucleotide 
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Fig. 7 | Subretinal injection of AAV-Pe2 corrects the disease-causing 
mutation without any detectable off-target effects in rd12 mice.  
a,b, Frequencies of intended edits (a) and indels (b) at the predicted 
off-target sites for the pegRNA (ID 198) in the RPE of PE2-treated rd12 mice. 
Genomic DNA isolated from the RPE of rd12 mice without PE2 treatment 
was used as the negative control (rd12). Data are mean ± s.d. n = 2 mice.
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approach required repeated injections and the Cas9-based approach 
that involved bypassing a splicing defect can induce unintended 
indels and is restricted to mutations that cause splicing defects. A 
more promising approach would be to correct the mutation, gen-
erating the wild-type sequence. As potential methods for correct-
ing an LCA-associated mutation, CRISPR–Cas9-directed HDR26 
and adenine base editing35,36 have been evaluated in the rd12 mouse 
model of RPE65-related LCA. However, these approaches resulted 
in limited precision, causing substantial indel frequencies26 or unin-
tended bystander editing35,36. A method for the precise correction of 
the disease mutation in eyes would be a promising option for treat-
ing LCA and other genetic diseases.

To determine whether delivery of a PE using a clinically applica-
ble method could both precisely correct the causal mutation and res-
cue the phenotype of a genetic eye disease, we used rd12 mice, which 
possess a nonsense mutation caused by a C-to-T transition at posi-
tion 130 in exon 3 of the Rpe65 gene (p.R44X)37 (Fig. 6a). To find an 
efficient pegRNA for prime editing of this point mutation, we identi-
fied possible target sequences with NGN PAMs at positions ranging 
from −52 bp to +59 bp away from the mutation site (Supplementary  
Fig. 8a). Among the resulting ten target sequences, six had NGG 
PAMs and four had NGH PAMs. We designed a total of 561 
pegRNAs containing 5 to 6 different lengths (7, 9, 11, 13, 15 or 17 nt) 
of PBSs and 9 to 17 different lengths (6 to 62 nt) of RT templates for 
the 10 target sequences (Supplementary Fig. 8b and Supplementary  
Table 6). To evaluate the efficiencies of these pegRNAs, we constructed 
a lentiviral library containing the 561 pairs of pegRNA-encoding 
and corresponding target sequences as similarly performed above 

(Supplementary Fig. 8b). HEK 293T cells were sequentially trans-
duced with the lentiviral library and transfected with plasmids encod-
ing NG-PE2 as conducted for the Fahmut/mut model. Deep sequencing 
of the treated cells showed that the highest (15%) and second-highest 
(14%) average prime-editing efficiencies were achieved with two 
pegRNAs (pegRNA IDs 157 and 198, respectively) that recognized 
the same target sequence with an NGG PAM (ID 5) and that had 
the same PBS length (9 nt) (Fig. 6b and Supplementary Table 6). 
The only difference between the two pegRNAs was the RT template 
length (13 and 14 nt in IDs 157 and 198, respectively). Because the 
first replicate study showed that pegRNA ID 198 had the highest effi-
ciency, we chose this pegRNA for the subsequent quick application 
of prime editing in rd12 mice; however, the average of results from 
two replicates later showed that pegRNA ID 157 had the highest effi-
ciency. In addition, we used PE2 instead of NG-PE2 because SpCas9 
showed higher activities than SpCas9-NG at target sequences with an 
NGG PAM14 and PE2 showed higher general activities than NG-PE2 
at targets with an NGG PAM38.

PE2 precisely corrects the disease mutation in a mouse model of 
LCA. To investigate the therapeutic potential of prime editing in 
rd12 mice, we used the AAV system with serotype 2 to express PE2 
(Fig. 5a) and the selected pegRNA (pegRNA ID 198) (Fig. 6c). We 
injected this system, named AAV-PE2, subretinally into 3-week-old 
rd12 mice. When the mice were analysed 6 weeks after the injection, 
we observed that on average, 23% (range, 17% to 30%) of the whole 
RPE area in the rd12 mice was mCherry-positive (Supplementary 
Fig. 9), reflecting the delivery efficiency of AAV-PE239.
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Fig. 8 | Restoration of RPe65 expression and improvement of visual function in rd12 mice after subretinal injection of AAVs encoding Pe2 and the 
pegRNA (AAV-Pe2). a, Representative confocal photomicrographs showing RPE65 protein expression in RPE cells in rd12 mice 6 weeks after subretinal 
injection of AAV-PE2. The uninjected negative control is shown on the left. Scale bars, 10 μm. b, Representative waveforms of dark-adapted ERG responses 
at 0 dB in wild-type (C57BL/6), uninjected control (rd12), and rd12 mice injected with PE2-expressing AAV (rd12-AAV-PE2). Scale bars, 30 ms (x-axis) and 
50 μV (y-axis). c, Amplitudes of a-waves (left) and b-waves (right) of ERG reponses of C57BL/6 and rd12 mice. Data are mean ± s.d. n = 4 mice. P-values 
from one-way ANOVA with post hoc Tukey’s multiple comparisons tests are shown. d, Optomotor response test results. Data are mean ± s.d. n = 4 mice. 
P-values from one-way ANOVA with post hoc Tukey’s multiple comparisons tests are shown.
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Deep sequencing of genomic DNA isolated from the RPE tis-
sue showed an average prime-editing efficiency of 6.4% (range, 
4.1% to 7.4%) (Fig. 6d). Given that AAV-PE2 was delivered to only 
23% of the RPE, the editing efficiency in regions that were exposed 
to prime-editing components can be estimated to be, on average, 
28%. Importantly, no unintended edits, substitutions or indels were 
detectable near the mutation site (Fig. 6d,e), suggesting highly pre-
cise genome editing in this disease model using a clinically appli-
cable delivery approach. In our previous attempt using a CRISPR 
nuclease-mediated HDR approach in the same mouse model26, the 
correction efficiency was 1.2% ± 0.3% with an indel frequency of 
17% ± 8%. Lentivirus and AAV-mediated delivery of adenine base 
editors resulted in editing efficiencies of 16% ± 3% and 11% ± 7%, 
respectively, with substantial (up to 17% (lentivirus) and 7.7% ± 5% 
(AAV)) frequencies of bystander edits within the base editor  
editing windows35,36. We cannot rule out the possibility that such 
unintended edits could cause adverse effects, including unwanted 
immune responses against the protein variants encoded by genes 
affected by the unintended editing.

When we evaluated off-target effects at 20 potential off-target 
sites identified using Digenome-seq17, nDigenome-seq18 and 
Cas-OFFinder40 (Supplementary Fig. 10 and Supplementary Table 
4), neither indels nor intended editing were observed (Fig. 7). This 
lack of off-target effects is in line with a failure to find off-target 
effects of prime editing in mouse embryos5 and human organoids3 
even when PE3 was used (off-target effects of PE3 would be, at a 
minimum, a combination of the off-target effects of PE2 and those 
of the sgRNA). Together, our results show that subretinal injection 
of AAV-PE2 induced almost perfectly precise genome editing with-
out bystander editing, generation of indels or off-target effects at the 
genomic DNA level in the mouse RPE.

In vivo prime editing improves visual function in the mouse 
model of LCA. We next tested whether this highly precise and spe-
cific genome editing would lead to functional correction of the dis-
ease. Immunofluorescence staining showed a distinct membranous 
and cytoplasmic expression of the RPE65 protein in RPE tissue from 
rd12 mice treated with AAV-PE2, but not in tissue from untreated 
control rd12 mice, at 6 weeks after the subretinal injection (Fig. 8a). 
As previously reported26,37, electroretinography (ERG) revealed a 
lack of dark-adapted light-induced electrical responses in control 
rd12 mice. However, AAV-PE2 treatment rescued dark-adapted 
ERG responses (Fig. 8b). Amplitudes of scotopic a- and b-waves 
from AAV-PE2-treated rd12 mice were on average 59% (range, 
48% to 67%) and 27% (range, 24% to 30%), respectively, of those 
of wild-type C57BL/6 mice (Fig. 8c). Compatible with these results, 
spatial thresholds to virtual rotating stimuli were increased in 
AAV-PE2-treated rd12 mice on optomotor response measurements 
(Fig. 8d). Together, these results show that AAV-PE2-mediated 
prime editing in mouse RPE substantially improved visual function 
in rd12 mice.

AAV-PE2 using the most efficient pegRNA also rescues the geno-
type and phenotype of LCA. We also conducted the same experi-
ments using pegRNA ID 157, which showed the highest average 
prime-editing efficiency in the high-throughput evaluation experi-
ments. We observed slightly higher or similar prime-editing effi-
ciencies (an average of 7.7%; range, 4.7% to 16%) (Extended Data 
Fig. 3a) than when we used pegRNA ID 198, which is in line with 
the result that pegRNA ID 157 showed slightly higher efficiency 
than pegRNA ID 198. Similar to the results using pegRNA ID 198, 
experiments using pegRNA ID 157 did not show unintended edit-
ing near the target sequence (Extended Data Fig. 3b). Furthermore, 
the levels of functional improvements caused by AAV-PE2 using 
pegRNA ID 157 were overall comparable to those using pegRNA 
ID 198—ERG showed that AAV-PE2 using pegRNA ID 157 also 

rescued dark-adapted ERG responses (Extended Data Fig. 3c). 
Amplitudes of scotopic a- and b-waves from AAV-PE2-treated rd12 
mice were on average 34% (range, 25% to 49%) and 36% (range, 32% 
to 41%), respectively, of those of wild-type C57BL/6 mice (Extended 
Data Fig. 3d) and spatial thresholds to virtual rotating stimuli were 
also increased in AAV-PE2-treated rd12 mice (Extended Data  
Fig. 3e). These results corroborate that AAV-PE-induced prime 
editing can precisely correct the genotype and phenotype of a 
mouse model of LCA.

Discussion
Our results demonstrate that prime editing can generate intended 
edits in a highly precise manner in the liver and eye in mouse mod-
els of genetic diseases when components are delivered using hydro-
dynamic injection and AAV-mediated methods, respectively. We 
also showed that replacing the SpCas9 domain of PE2 with a variant 
that recognizes a different set of PAMs, such as SpCas9-NG, can 
expand the list of target sequences for prime editors.

Cells containing disease-causing mutations are often not read-
ily available, which makes it difficult to evaluate the efficiencies of 
genome-editing tools including prime editors at the mutant target 
sequence. Furthermore, hundreds or thousands of pegRNAs can be 
designed to induce an intended edit at a target sequence. Although 
previously reported rules for designing optimal pegRNAs and com-
putational models that predict pegRNA activities can help narrow 
down the list of optimal pegRNAs2, the most thorough and defini-
tive method for identifying the optimal pegRNA would be to evalu-
ate all possible pegRNAs or all pegRNAs suggested by the rules and 
computational models. For clinical applications of prime editing, 
the most efficient pegRNAs corresponding to the mutations found 
in patients would need to be identified. Determination of pegRNA 
activities using lentiviral libraries of paired pegRNA and target 
sequences as we describe above would be useful, especially when 
mutant sequence-containing cell lines are not available or when a 
large number of pegRNAs are evaluated.

The accuracy of high-throughput evaluations will be increased 
by using a large number of cells relative to the number of analysed 
pegRNAs (high coverage), homogenous delivery of prime-editing 
components and high sequencing read depth per pegRNA. To iden-
tify the pegRNA that will work best for a specific application, we 
recommend the selection of several top-ranking pegRNAs from the 
high-throughput evaluations and the subsequent individual evalua-
tion of their activities at endogenous loci.

When we compared PE2- and PE3-based correction of the 
disease-causing mutation in Fahmut/mut mice using hydrodynamic 
injections with those based on the hydrodynamic injections of 
Cas9 nuclease8,10 or adenosine base editor8, the efficiencies were 
overall comparable, although exact comparisons are difficult, at 
least in part, due to differences in the time points used for analysis 
(Supplementary Fig. 11 and Supplementary Table 7). However, the 
most notable difference is the precision of the editing. Cas9 nucle-
ase induced a substantial frequency of indels (26%) at the target 
sites and a detectable, albeit lower than 0.3%, frequency of indels at 
off-target sites8, whereas adenosine base editor induced considerable 
bystander effects (1.9%). However, PE3, but not PE2, induced only 
a low level of indels (on average 0.78%) and bystander or off-target 
effects were not observed for either PE2 or PE3, although we cannot 
rule out the possibility of off-target effects that could be identified 
using more advanced methods that might be developed in the future. 
The level of precision in genome editing that we observed for PE2 
in particular has, to our knowledge, not been achieved using any of 
the previous methods of genome editing in this mouse model. This 
precise genome editing is different from results in a recent report5, 
in which relatively high levels of PE3-induced unintended substitu-
tions in mouse embryos were described. Differences in the analysis 
method (we used uninjected negative controls, which allowed us to 
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subtract background errors originating from sequencing and PCR, 
whereas this previous study did not use negative controls), target 
sequences, host animals (adult mice versus embryos) and delivery 
methods (AAV-mediated delivery versus direct injection of RNAs) 
might be reasons for the differences in the precision of editing.

The initial PE2- and PE3-induced editing efficiencies, before 
NTBC withdrawal from Fahmut/mut mice, were under the detection 
limit. Although these low initial editing efficiencies functionally 
rescued the mice owing to the selective expansion of gene-corrected 
cells in this model of tyrosinemia, these efficiencies would not be 
sufficient to obtain satisfactory therapeutic effects in other liver dis-
eases in which gene-corrected cells do not selectively expand. When 
we delivered PE2 and PE3 using the AAV vector into Fahmut/mut mice, 
the initial editing efficiencies before NTBC withdrawal, measured 
at the DNA level by deep sequencing, were also below the detection 
limit (data not shown). Thus, further optimization of the methods 
for prime-editor delivery could be required for the application of 
prime editing in human patients with liver diseases, especially for 
diseases in which the gene-edited cells do not selectively expand.

Here we have shown that highly precise and specific genome 
editing induced by the delivery of PE2 using a clinically applicable 
delivery approach (that is, AAV) effectively rescued the visual func-
tion of rd12 mice. It has recently been reported that AAV-mediated 
delivery of split-intein PE3 induced correction of a pathogenic gene 
at efficiencies of 0.6% (2 weeks after injection), 2.3% (6 weeks after 
injection) and 3.1% (10 weeks after injection) in the liver of an 
α-1 antitrypsin deficiency mouse model41. However, this approach 
induced unintended indels (about 22% of all edited alleles) and, 
more importantly, did not achieve functional correction. We esti-
mate that the editing efficiency in our experiment was, on average, 
around 28% or 33% in the AAV-PE2-transduced region. In human 
patients, ophthalmologists can inject AAV-PE2 near the macula, to 
augment the editing efficiency in the cells at and near the macula, 
which is responsible for the major portion of our vision26,30. Given 
that subretinal injection of AAV has been successfully used in clini-
cal trials30–32, our study will lay a foundation for clinical translation of 
prime editing for LCA. Furthermore, given that AAV has been used 
as a delivery method for genetic diseases in organs other than the 
eyes42,43, we envision that AAV-mediated delivery of PE2 could be 
used to treat patients with genetic diseases that affect other organs.

This high precision of prime editing in somatic cells of mice 
raises the possibility that prime editing could be used for genome 
editing in human patients. We envision that in vivo prime editing,  
together with previously reported base editing and engineered 
nuclease-based approaches, will be a promising tactic for genome- 
editing therapy for genetic diseases.

methods
Construction of plasmid vectors. To prepare pLenti-NG-PE2-BSD, the Lenti_
Split-BE4-N-Blast plasmid44 was digested with restriction enzymes AgeI and 
BamHI (New England Biolabs (NEB)) and a MEGAquick-spin total fragment 
DNA purification kit (iNtRON Biotechnology) was used to gel purify the 
linearized plasmid. Fragments of PE2-encoding sequence (Addgene #132775) 
and NG-Cas9-encoding sequence (Addgene #124163) were amplified by PCR 
using Phusion Polymerase (NEB). The amplicons and the linearized plasmid were 
assembled using an NEBuilder HiFi DNA assembly kit (NEB). The assembled 
plasmid was named pLenti-NG-PE2-BSD. To prepare px601-PE2, the PE2-encoding 
sequence (Addgene #132775) and the WPRE sequence (Addgene #52962) were 
amplified by PCR and cloned into the pX601 plasmid using an NEBuilder HiFi 
DNA assembly kit (NEB). To construct px552-pegRNA-CAG-mCherry, guide-RNA 
scaffold sequence (Addgene #104174) and CAG-mCherry (Addgene #108685) 
fragments were PCR-amplified and cloned into the px552 plasmid (Addgene 
#60958) to make px552-U6-CAG-mCherry. Next, pegRNA sequences were 
synthesized and cloned into the linearlized px552-U6-CAG-mCherry plasmid, 
which had been digested with SapI and SpeI (NEB), using an NEBuilder HiFi DNA 
assembly kit (NEB). These manipulations generated px552-pegRNA-CAG-mCherry. 
An sgRNA-expressing vector (Addgene #104174) was digested with BsmBI. sgRNA 
oligomers were annealed, phosphorylated with T4 PNK and ligated with the 
linearized vector to construct gN19-nicking sgRNA.

Construction of a plasmid library of pegRNA and target sequence pairs. 
Oligonucleotides were designed and the library of pegRNA-encoding and target 
sequence pairs was generated as previously described2. In brief, an oligonucleotide 
pool containing 435 pairs of Fah pegRNA-encoding sequences or 561 pairs of 
Rpe65 pegRNA-encoding sequences and target sequences was synthesized by 
Twist Bioscience. Each oligonucleotide included the following elements: a 19-nt 
guide sequence, BsmBI restriction site 1, a 15-nt barcode stuffer sequence, BsmBI 
restriction site 2, the RT template sequence, the PBS, a poly T sequence, an 18-nt 
barcode sequence (identification barcode), and a corresponding 43- to 47-nt 
(Fah) or 49- to 89-nt (Rpe65)-wide target sequence that included a PAM and an 
RT template binding region. Oligonucleotides that contained other, unintended 
BsmBI sites were excluded. The barcode stuffer was later excised by digestion 
with BsmBI; the identification barcode (located upstream of the target sequence) 
allowed individual pegRNA and target sequence pairs to be identified after deep 
sequencing. The plasmid library containing pairs of pegRNA-encoding and target 
sequences was prepared using a two-step cloning process2. This method effectively 
prevents uncoupling between paired guide RNA and target sequences during PCR 
amplification of oligonucleotides45.

Production of lentivirus. Eight-million HEK 293T cells were seeded on 150-mm 
cell culture dishes containing Dulbecco’s Modified Eagle Medium (DMEM). After 
incubation for 16 h, the DMEM was exchanged with fresh medium containing 
25 μM chloroquine diphosphate; the cells were then incubated for a further 4 h. 
The plasmid library, psPAX2 (Addgene #12260), and pMD2.G (Addgene #12259) 
were mixed to yield a total of 40 μg of the plasmid mixture. HEK 293T cells were 
then transfected with this mixture using polyethyleneimine. Fifteen hours later, 
cultures were refreshed with maintaining medium. At 48 h after transfection, the 
supernatant (containing lentivirus) was collected, filtered through a Millex-HV 
0.45 μm low protein-binding membrane (Millipore), and aliquoted. Serial 
dilutions of a viral aliquot were prepared and transduced into HEK 293T cells 
so that the virus titre could be determined. Untransduced cells and cells treated 
with the serially diluted virus were both cultured in the presence of 2 µg ml−1 
puromycin (Invitrogen). The lentiviral titre was quantified by counting the 
number of living cells at the time when all of the untransduced cells died as 
previously described46.

Cell library generation and PE2 delivery. The cell library was generated as 
previously described2. In brief, HEK 293T cells were seeded on 18 150 mm dishes 
(at a density of 1.2 × 107 cells per dish) and incubated overnight. The lentiviral 
library was transduced into the cells at a multiplicity of infection of 0.3 to achieve 
>500× coverage relative to the initial number of oligonucleotides. After incubation 
of the cells overnight, untransduced cells were removed by maintaining the 
cultures in 2 µg ml−1 puromycin for the next 5 d. The cell library was maintained 
at a count of at least 7.2 × 107 cells for the entire study to preserve library diversity. 
Next, a total of 7.2 × 107 cells (from 6 150 mm culture dishes, each with 1.2 × 107 
cells) were transfected with the pLenti-NG-PE2-BSD plasmid (80 µg per dish) 
using 80 µl Lipofectamine 2000 (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. Six hours later, the culture medium was replaced with 
DMEM supplemented with 10% fetal bovine serum and 20 µg ml−1 blasticidin S 
(InvivoGen). Five days later, the cells were collected for genomic DNA extraction.

Deep sequencing. Genomic DNA was extracted from collected cells with a Wizard 
genomic DNA purification kit (Promega) and from mouse tissue using a DNeasy 
Blood & Tissue kit (Qiagen). Target sequences were PCR-amplified using 2X Taq 
PCR Smart mix (SolGent). The PCR primers used for the experiment are shown in 
Supplementary Table 8.

In preparation for evaluating the activities of the pegRNAs in a 
high-throughput manner, an initial PCR included a total of 350 μg genomic DNA; 
assuming 10 μg genomic DNA per 106 cells, coverage would be more than 1,000× 
over the library. Genomic DNA (3.64 μg per reaction, with a total of 96 reactions) 
was amplified using primers that included Illumina adapter sequences, after which 
the products were pooled and gel-purified with a MEGAquick-spin total fragment 
DNA purification kit (iNtRON Biotechnology). Next, 100 ng purified DNA was 
amplified by PCR using primers that included barcode sequences. After gel 
purification, the amplicons were analysed using the NovaSeq platform (Illumina).

For evaluation of prime editing at endogenous sites, the first PCR for the 
amplification of the target sequence was performed in a 50 µl reaction volume 
that contained 3 μg of the initial genomic DNA template for liver samples and 
500 ng of DNA template for retina and RPE samples. The second PCR to attach 
the Illumina barcode sequences was then performed using 50 ng of the purified 
product from the first PCR in a 30 µl reaction volume. The resulting amplicons 
were sequenced after gel purification using MiniSeq (Illumina) according to the 
manufacturer’s protocols.

In experiments involving rd12 mice, genomic DNA was extracted from the 
RPE with an Allprep DNA/RNA mini kit (Qiagen). The on-target Rpe65 site and 
potential off-target sites were then PCR-amplified using Phusion High-Fidelity 
DNA Polymerase (NEB). For quantifying the prime-editing efficiency, an initial 
PCR was performed to amplify the target sequence in a 30 µl reaction volume 
that contained 50 ng of genomic DNA from the RPE. To attach Illumina index 
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sequences, a second round of PCR was performed using the purified product 
from the first PCR (50 ng) in a 30 µl reaction volume. After gel purification, 
the resulting amplicons were sequenced using the MiniSeq (Illumina) and 
MiSeq(Illumina) platforms.

Analysis of prime-editing efficiencies. Python scripts2 were used to analyse the 
high-throughput results. Each pegRNA and target sequence pair was identified 
using a 22-nt sequence (the 18-nt barcode and 4-nt sequence located upstream 
of the barcode). Reads that included the specified edits but not unintended 
mutations within the wide target sequence were considered to contain 
NG-PE2-induced mutations. To exclude the background mutations generated 
during the oligonucleotide-synthesis and PCR amplification steps, we subtracted 
the background prime-editing frequencies determined in the cell library that had 
not been treated with NG-PE2 from the observed prime-editing frequencies as 
previously described2. pegRNA and target sequence pairs with deep sequencing 
read counts below 100 and those with background prime-editing frequencies above 
5% were removed from the analyses as previously described47.

To quantify the prime-editing frequencies at endogenous sites, amplicon 
sequences were aligned to reference sequences using Cas-analyzer48. The 
frequencies of intended and unintended edits, including substitutions and indels, 
were calculated as the percentage of (number of reads with the edit/number of total 
reads). The frequencies of such edits in the experimental groups were normalized 
by subtracting the average frequency of such edits in the control groups to exclude 
errors originating from PCR amplification and sequencing.

Generation of mutant Fah target sequence–containing HEK 293T cells. The 
target region of the Fah gene was PCR-amplified from genomic DNA from 
the Fahmut/mut mouse and cloned into a lentivirus shuttle vector derived from a 
hygromycin reporter plasmid49. Next, lentivirus was produced from the vector 
and transduced into HEK 293T cells at a multiplicity of infection of 0.5 so that 
the majority of transduced cells would have a single copy target sequence per 
cell. After incubation of the cells overnight, untransduced cells were removed by 
supplementing the culture medium with 2 μg ml−1 hygromycin for the next 5 d.

Mice. All animal study protocols relevant to Fahmut/mut mice were approved by 
the Institutional Animal Care and Use Committee (IACUC) of Yonsei University 
Health System (Seoul, Korea) and all animal study protocols relevant to mouse 
eye-related experiments were approved by the IACUC of Seoul National University 
and Seoul National University Hospital. Fahmut/mut mice were provided with water 
containing 10 mg l−1 NTBC unless specified. Mating pairs of rd12 mice (stock no. 
005379, The Jackson Laboratory), maintained under conditions of a 12 h:12 h 
dark:light cycle, produced offspring that were used for subsequent experiments. 
Subretinal injection was performed on the right eyes of three-week-old rd12 mice. 
C57BL/6 mice, obtained from Central Laboratory Animal, were maintained under 
a 12 h:12 h dark:light cycle.

Fahmut/mut mice and hydrodynamic injection. Plasmids for hydrodynamic tail-vein 
injection were prepared using an EndoFree Plasmid Maxi kit (Qiagen). Plasmids 
encoding PE2 (127 μg) and pegRNA (73 μg), which had been suspended in 2 ml 
normal saline, were injected into the tail vein of 5- to 7-week-old Fahmut/mut mice 
within 5–7 s (30 μg of sgRNA plasmid was added to the normal saline only for the 
PE3-treated group). For measuring the initial correction efficiency, Fahmut/mut  
mice were maintained on water containing NTBC for 7 d after injection with 
plasmid DNA; at that time, NTBC was withdrawn and a partial hepatectomy was 
performed. To minimize partial hepatectomy-induced hepatocyte proliferation, 
we removed only about 3% of the liver (10% of the median lobe). PE2-treated 
mice were again provided with NTBC for 5 d, from day 7 to day 12, after the initial 
withdrawal of NTBC at day 0; the mice were euthanized at 60 d after the initial 
NTBC withdrawal for histology and DNA and RNA analysis. PE3-treated mice 
were euthanized at 40 d after NTBC withdrawal.

AAV vector construction and virus production. To prepare the trans-splicing 
PE2 plasmid, the sequence encoding the PE2 N terminus (PE2-N term) (Addgene 
#132775) and a splicing donor (Addgene #112734) were PCR-amplified using 
primers listed in Supplementary Table 8 and cloned into the px601 plasmid using an 
NEBuilder HiFi DNA assembly kit (NEB). Similarly, a splicing acceptor (Addgene 
#112876), the sequence encoding the PE2 C terminus (PE2-C term) (Addgene 
#132775) and the WPRE sequence (Addgene #52962) were PCR-amplified and 
cloned into the pX601 plasmid using an NEBuilder HiFi DNA assembly kit (NEB).

To construct U6-Rpe65 pegRNA-CAG-mCherry, pegRNA-encoding, 
sgRNA-encoding and H1 promoter sequences (Addgene #61089) were either 
synthesized or PCR-amplified and then cloned into the px552-U6-CAG-mCherry 
plasmid using an NEBuilder HiFi DNA assembly kit (NEB). The AAV vectors 
were then sent to VectorBuilder for packaging and ultrapurification to obtain the 
high-grade AAVs (serotype 8) required for an in vivo study in wild-type mice. For 
experiments relevant to rd12 mice, AAV particles were produced as previously 
described50. In brief, TS-PE2-N plasmids, TS-PE2-C-WPRE plasmids or U6-Rpe65 
pegRNA-CAG-mCherry plasmids were co-transfected along with AAV2-capsid 
plasmids and helper plasmids into HEK 293T cells. After 3 d, cells were lysed; 

high-grade AAVs were then obtained via iodixanol (Optiprep, Sigma; D1556) 
gradient ultrapurification. Finally, viruses were concentrated in phosphate-buffered 
saline to obtain high-grade AAVs using a Centricon tube (Vivaspin 20, Sartorius).

Intravitreal injection of AAV. Before AAV injection, deep anaesthesia was induced 
by tiletamine and zolazepam (Zoletil 50, Virbac; 30 mg kg−1) and xylazine (Rompun, 
Bayer; 10 mg kg−1). Then, 4.9 × 1010 virus genomes (vg) of AAV8-TS-PE2-N 
term, 4.9 × 1010 vg of AAV8-TS-PE2-C term and 2.4 × 1010 vg of AAV8-Atp7b 
pegRNA-sgRNA in phosphate-buffered saline were mixed in a total volume of 
1.5 μl and injected into the vitreous cavity of the mouse eye. A customized Nanofil 
syringe with a blunt 33-gauge needle (World Precision Instrument) was used for the 
injection, which was performed using an operating microscope (Leica).

Subretinal injection of AAV. Before injection, all mice received deep anaesthesia. 
Triple AAV vectors (4.76 × 1010 virus genomes (vg) for AAV-PE2-N, 4.62 × 1010 GC 
for AAV-PE2-C-WPRE and 2.16 × 1010 GC for pegRNA-CAG-mCherry in 3 μl 
phosphate-buffered saline) (Fig. 3c) were then injected into the subretinal space 
of mice under an operating microscope (Leica), as previously described51. A 
customized Nanofil syringe with a 33 G blunt needle (World Precision Instrument) 
was used for all injections.

Immunofluorescence. Fahmut/mut mice were euthanized by carbon dioxide 
asphyxiation. Livers were fixed in 4% paraformaldehyde overnight at 4 °C, followed 
by immersion in 6% sucrose overnight and immersion in 30% sucrose the next 
day. The livers were embedded in OCT compound (Leica), cryosectioned at 16 μm 
and stained with haematoxylin and eosin for pathology studies. The liver cryostat 
sections were washed three times with 1× phosphate-buffered saline and incubated 
in blocking buffer for 1 h at room temperature. The sections were then incubated 
with primary anti-Fah antibody (1:200, Abcam) at 4 °C overnight. After washing 
with 1× phosphate-buffered saline, the sections were incubated with Alexa Fluor 488 
goat anti-rabbit secondary antibody (1:400, Invitrogen) for 1 h at room temperature. 
Cells were mounted on glass slides and nuclei were visualized using fluorescent 
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI; Vector). 
Images were captured using a confocal microscope (LSM700, Zeiss). Quantification 
of FAH+ hepatocytes in the liver was performed for 3–5 mice per group, from >4 
liver regions per mouse, with ZEN Imaging software (Blue edition, Zeiss). rd12 mice 
were euthanized 6 weeks after subretinal injection and RPE-choroid-scleral tissues 
were obtained from enucleated eyes. Immunostaining of whole mount tissues with 
anti-RPE65 antibody (1:100; cat. no. NB100–355AF488, Novus) was done using 
standard techniques. Nuclei were stained using DAPI (Sigma). Immunostained 
tissues were observed using a confocal microscope (Leica).

Electroretinography. Prior to ERG, mice were kept in the dark overnight. 
Deep anaesthesia was induced and a Tropherin ophthalmic solution containing 
phenylephrine hydrochloride (5 mg ml−1) and tropicamide (5 mg ml−1) was 
administered topically to dilate pupils. A universal testing and electrophysiologic 
system 2000 (UTAS E-2000, LKC) was used for full-field ERG. The light-induced 
responses to a 0 dB Xenon flash were recorded at a gain of 2k using a notch filter 
at 60 Hz; responses were bandpass filtered between 0.1 and 1,500 Hz. Graphs 
were plotted and amplitudes were estimated using Prism 8 (GraphPad). The 
a-wave amplitudes were determined by measuring from the baseline to the lowest 
negative-going voltage and the b-wave amplitudes were measured from the a-wave 
trough to the highest peak of the positive b-wave.

Optomotor response. A virtual-reality optokinetic system (OptoMotry HD, 
CerebralMechanics) was used to measure grating acuity visual thresholds, 
according to the manufacturer’s instructions and original publications about the 
system52,53. In brief, mice were placed on a platform where they were exposed 
to views of a virtual rotating cylinder on monitors surrounding the enclosure; 
the mice then tracked the grating with head movements. Visual thresholds were 
determined with a staircase procedure to produce the maximum spatial frequency 
(cycles/degrees) above which the mice did not respond to the rotating stimuli.

Analysis of off-target effects. Potential off-target sites were experimentally 
identified using Digenome-seq17 and nDigenome-seq18 and computationally 
identified using Cas-OFFinder40 and CRISPOR19. For Cas-OFFinder, genomic 
sites containing up to 3-bp mismatches compared to the pegRNA were considered 
and analysed by targeted deep sequencing. From the CRISPOR results, the four 
top-ranking predicted off-target sites of the used pegRNA and those of the used 
sgRNA were selected and analysed by targeted deep sequencing. Cas-analyzer 
was used to analyse indel frequencies at off-target sites and the frequencies of 
the intended edits were analysed with the same method that was used to analyse 
frequencies at the on-target sites described above. The sequences of the off-target 
sites are provided in Supplementary Table 4. The primers used for deep sequencing 
are shown in Supplementary Table 8.

Digenome-seq and nDigenome-seq. Digenome-seq and nDigenome-seq are 
methods in which genomic DNA is treated in vitro with nuclease or nickase–sgRNA 
complexes and double strand or single strand break sites are identified as previously 
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described17,18. We performed Digenome-seq and nDigenome-seq as previously 
described17,18. In brief, recombinant Cas9 nuclease (100 nM, for Digenome-seq) or 
Cas9 H840A nickase (100 nM, for Digenome-seq) was incubated with three sgRNAs 
(each 100 nM, targeting Fah, Rpe65 and Atp7b), which share guide sequences with 
the pegRNAs of interest, at room temperature for 10 min. Next, the resulting Cas9 
nuclease or Cas9 H840A nickase–sgRNA complexes were mixed with 20 µg of 
genomic DNA isolated from NIH3T3 cells in a reaction buffer (100 mM NaCl, 50 
mMTris–HCl, 10 mM MgCl2, 100 µg ml−1 bovine serum albumin, at pH 7.9) and 
incubated for 8 h at 37 °C. Digested genomic DNA was then incubated with RNase 
A (50 µg ml−1) and protease K to remove the sgRNA and the nuclease or nickase, 
after which a DNeasy tissue kit (Qiagen) was used to purify the DNA again. A 
Covaris system (Life Technologies) was used to shear the resulting genomic DNA 
(1 µg) to generate fragments of about 500 bp in size, which were then blunt-ended 
using End Repair Mix (illumina). To prevent self-ligation, the DNA fragments were 
adenylated. The fragments were then ligated with adapters using TruSeq DNA 
Library Prep Kits (illumina). The resulting libraries were then subjected to whole 
genome sequencing at a sequencing depth of 30x–40x using an Illumina HiSeq X. 
Issac aligner was used to align the reads to hg19. For Digenome-seq, DNA cleavage 
scores were calculated with previously used source codes17 (https://github.com/
chizksh/digenome-toolkit2). For nDigenome-seq, aligned sequence data were 
separated into forward and reverse strands and in vitro single strand break sites 
were analysed using previously used source code for nDigenome-seq (https://
github.com/snugel/digenome-toolkit) as previously described18. Double- and 
single strand break sites with high cleavage scores were subjected to validation by 
targeted deep sequencing using genomic DNA extracted from mice treated with 
prime-editing components. All sites captured by Digenome- and nDigenome-seq 
are shown in Supplementary Table 4 as separate sheets.

Gene expression analysis by RT–qPCR. Total RNA was purified using TRIzol 
(Invitrogen) and reverse-transcribed using AccuPower RT PreMix (Bioneer). 
RT–qPCR was performed using SYBR Green (Applied Biosystems); the primers are 
listed in Supplementary Table 8. Gene expression levels were normalized to Gapdh 
levels. All experiments were performed in triplicate.

Statistics and reproducibility. P-values were determined by Student’s t-test 
using GraphPad Prism8. To determine Pearson and Spearman correlation 
coefficients, we used Microsoft Excel (version 16.0, Microsoft Corporation). For 
high-throughput evaluation of pegRNA efficiencies, we combined the data from 
two replicates independently transfected by two different experimentalists.

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

Data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. The deep sequencing data generated for 
this study are available from the NCBI Sequence Read Archive under accession 
numbers SRR12778000 and PRJNA732214. Source data are provided with  
this paper.
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Extended Data Fig. 1 | Schematic representation of the high-throughput evaluation of pegRNA activities. A lentiviral plasmid library was prepared from a 
pool of oligonucleotides that contained pairs of pegRNA-encoding sequences and corresponding target sequences. Next, HEK293T cells were transduced 
with lentivirus generated from the plasmid library to construct a cell library and untransduced cells were removed by puromycin selection. This cell library 
was then transfected with a plasmid encoding NG-PE2, and untransfected cells were removed by blasticidin selection. Five days after the transfection, 
genomic DNA was isolated from the cells, PCR-amplified, and subjected to deep sequencing to determine prime editing efficiencies.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Prime editor 2 corrects the disease mutation and phenotype in Fahmut/mut mice. a, Maps of vectors encoding PE2 components 
and a schematic representation of the experiments. Fahmut/mut mice underwent injection of plasmids encoding prime editor 2 components (that is, prime 
editor 2 and pegRNA) and were kept on water containing NTBC for 7 days. The day on which NTBC was initially withdrawn is defined as day 0. The mice 
were again provided with NTBC for five days, from day 7 to day 12, after the initial withdrawal of NTBC at day 0. At 60 days, the PE2-treated mice were 
euthanized and analyzed. Abbreviations in the vector maps are defined in the Supplementary Figure 2 legend. b, Body weight of Fahmut/mut mice injected 
with PE2 or phosphate-buffered saline (Saline, control). Body weights were normalized to the pre-injection weight. The number of mice n = 5 for the 
PE2 group and n = 3 for the saline group. Data are mean ± s.e.m. c, The level of wild-type Fah mRNA in the liver measured by quantitative RT-PCR using 
primers that hybridize to exons 8 and 9. WT, wild-type mice; Mut, Fahmut/mut mice; PE2, Fahmut/mut mice injected with plasmids encoding PE2 components. 
The number of mice n = 3 (WT), 3 (Mut), and 5 (PE2). **P = 0.0032. d, H&E staining (upper panels) and immunofluorescent staining for FAH protein 
(lower panels) in liver sections. Scale bars, upper panels, 100 μm; lower panels, 200 μm.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Correction of the lCA-causing mutation and phenotype using the most efficient pegRNA (id 157). a, Frequencies of intended 
and unintended edits in the RPE of AAV-PE2-treated rd12 mice. The frequencies were normalized by subtracting the average frequency of such editing in 
the control group without PE2 treatment to exclude errors originating from PCR amplification and sequencing. Substitutions near the targeted nucleotide 
were evaluated over a 40-bp range centered on the targeted nucleotide. Indels were measured over a 60-bp range centered on the pegRNA nicking site. 
The red horizontal line represents the location where the normalized frequency = 0. Data are mean ± s.d. The number of mice n = 5. b, Substitution 
frequencies at each position of the target sequence, ranging from -20 bp to +20 bp from the targeted nucleotide, in the RPE of PE2-treated rd12 mice. The 
frequencies were normalized by subtracting the average edit frequencies in the RPE of rd12 mice without PE2 treatment to exclude errors originating from 
PCR amplification and sequencing. The red horizontal line represents the location where the normalized frequency = 0. Positions are numbered from the 
pegRNA nicking site. The targeted position is at +2. Data are mean ± s.d. The number of mice n = 5. c, Representative waveforms of dark-adapted ERG 
responses at 0 dB in wild-type (C57BL/6), uninjected control (rd12), and rd12 mice injected with PE2-expressing AAV (rd12-AAV-PE2). Scale bars, 30 ms 
(x-axis) and 50 μV (y-axis). d, Amplitudes of a-waves (left) and b-waves (right) of ERG responses of C57BL/6 and rd12 mice. Data are mean ± s.d. The 
number of mice n = 5. P-values from one-way ANOVA with post-hoc Tukey’s multiple comparison tests are shown. rd12-AAV-PE2, rd12 mice treated with 
AAV-PE2. e, Optomotor response test results. Data are mean ± s.d. The number of mice n = 5. P-values from one-way ANOVA with post-hoc Tukey’s 
multiple comparison tests are shown.

NAtuRe BiomeDiCAl eNGiNeeRiNG | www.nature.com/natbiomedeng

http://www.nature.com/natbiomedeng


1

nature portfolio  |  reporting sum
m

ary
M

arch 2021

Corresponding author(s): Jeong Hun Kim, Hyongbum Henry Kim

Last updated by author(s): Jul 16, 2021

Reporting Summary
Nature Portfolio 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 Portfolio 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.
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The statistical test(s) used AND whether they are one- or two-sided 
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Software and code
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Data collection NovaSeq (Illumina), Miseq (Illumina) and MiniSeq (Illumina).

Data analysis All data were statistically analysed using GraphPad Prism 8, Microsoft Excel (version, 16.0, Microsoft Corporation). 
Immunofluorescence was analysed using ZEN Imaging Software (Blue edition, Zeiss). 
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The main data supporting the results in this study are available within the paper and its Supplementary Information. The deep-sequencing data generated for this 
study are available from the NCBI Sequence Read Archive under accession numbers SRR12778000 and PRJNA732214. Unprocessed gel images associated with Fig. 
3c are provided as Source data.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes. For the animal experiments, we described the sample sizes in the relevant 
figure legends. All sample sizes were chosen on the basis of previous experience with similar experiments, and were sufficient according to 
the statistical tests performed.

Data exclusions For the high-throughput evaluatation of pegRNA activities, pegRNAs with deep-sequencing read counts below 100 or background prime-
editing frequencies above 5% were excluded, to increase the accuracy of the analysis.

Replication The high-throughput evaluation of prime-editing efficiencies were independently repeated twice, with similar results. Individual evaluations of 
prime-editing efficiencies of pegRNAs were performed three-times by independent transfections, with comparable results. All experiments 
involving animals were performed in at least three independent mice, with reproducible results.

Randomization Mice were randomly allocated into experimental or control groups. For all studies, samples and organisms were randomly allocated to 
the experimental groups.

Blinding Blinding was not relevant to the study.

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. 
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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 Anti-Fumarylacetoacetate hydrolase antibody (ab81087) 

Alexa Fluor® 488 goat anti-Rabbit(A-11008) 
Anti-RPE65 antibody (cat. no. NB100-355AF488, Novus) at 1:100 dilution.

Validation Anti-Fumarylacetoacetate hydrolase antibody, IHC 1:200 
Alexa Fluor® 488 goat anti-Rabbit antibody, IHC 1:400 
Vendor information: https://www.novusbio.com/products/rpe65-antibody-4018b113d9_nb100-355af488 
https://www.novusbio.com/products/rpe65-antibody-4018b113d9_nb100-355 
Novus website provides an image of immunofluorsecence studies on mouse retinal tissues. 
Mouse monoclonal antibodies to bovine RPE65 microsomal membrane proteins. 
CiteAb finds 55 citations for this antibody: https://www.citeab.com/antibodies/408298-nb100-355-rpe65-antibody-401-8b11-3d9?
des=7d7ec5ad888832fe

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The HEK293T, Neuro2A and NIH3T3 cells were provided by American Type Culture Collection (ATCC).
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Authentication HEK293T, Neuro2A, and NIH3T3 cells were authenticated by the supplier.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

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

Laboratory animals 5–7-week-old Fah mut/mut mice were used as a mouse model of tyrosinemia.  
C57BL/6 mice were used for the intravitreal injection of AAVs. 
C57BL/6 (control mice) and rd12 mice (3-week-old, mixed gender) were used as a mouse model of Leber congenital amaurosis. 

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight Institutional Animal Care and Use Committee of Yonsei University Health System, and Institutional Animal Care and Use Committees 
of both Seoul National University and Seoul National University Hospital.

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