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The use of prime editing—a gene-editing technique that induces small genetic changes without the need for donor DNA and
without causing double strand breaks—to correct pathogenic mutations and phenotypes needs to be tested in animal models
of human genetic diseases. Here we report the use of prime editors 2 and 3, delivered by hydrodynamic injection, in mice with
the genetic liver disease hereditary tyrosinemia, and of prime editor 2, delivered by an adeno-associated virus vector, in mice
with the genetic eye disease Leber congenital amaurosis. For each pathogenic mutation, we identified an optimal prime-editing
guide RNA by using cells transduced with lentiviral libraries of guide-RNA-encoding sequences paired with the corresponding
target sequences. The prime editors precisely corrected the disease-causing mutations and led to the amelioration of the dis-
ease phenotypes in the mice, without detectable off-target edits. Prime editing should be tested further in more animal models

of genetic diseases.

including insertions, deletions and all 12 possible point muta-

tions, without donor DNA or double strand breaks'. There are
four types of prime editors (PEs): PE1, PE2, PE3 and PE3b'. 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)'. PE3 and PE3b consist of PE2 and one additional
single guide RNA (sgRNA)'.

Prime editing has been used in cultured mammalian cells'*
and organoids®, plants* and mouse embryos® 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.

Prime editing can induce any small-sized genetic change,

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 (Fah™"™"), which
is caused by a loss-of-function mutation in the fumarylacetoacetate

hydrolase gene (Fah)®’. 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 injury®. We and others have
used this mouse model for testing various in vivo genome-editing
approaches, including methods based on homology-directed repair
(HDR)*’, microhomology-mediated end joining® and base edit-
ing". In addition, because hydrodynamic injections have commonly
been used to deliver genome-editing components for Cas9-directed
HDR?, microhomology-mediated end joining'® and base editing'' 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 +41bp 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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Fig. 1| A mouse model of tyrosinemia and high-throughput evaluation of pegRNAs. a, Exon 8 skipping in Fah™"™ 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 1a 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-12A; WPRE,
woodchuck hepatitis virus posttranscriptional regulatory element. ¢, 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.

compatibility than SpCas9'*"*. 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 efficiency?, we

first calculated the predicted nuclease activity of SpCas9-NG at the
nine sites using DeepSpCas9-NG'. 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. 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 Fah™¥™ 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 5d 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.

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 sequences” (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. le, 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-NG'", 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 DeepSpCas9'
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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 Fah™/™
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
cells'. Thus, we attempted to use PE3 or PE3b for in vivo genome
editing by adding an sgRNA. On the basis of the DeepSpCas9
score'®, 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
Fah™"™ mice using hydrodynamic injection, after which the mice
were treated with NTBC for 7d (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 (40d), whereas
all mice injected with phosphate-buffered saline as a negative con-
trol showed substantial weight loss and died before 30d (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 model*®'>".

To evaluate whether prime editing rescues exon 8 skipping, at
the end of the experimental period (40d) we conducted PCR with
reverse transcription (RT-PCR) using liver mRNA as the template'’
and primers binding exons 5 and 9. A 305-bp PCR amplicon, which
indicates exon 8 skipping, was observed for Fah™"™" mice, whereas
a single 405-bp PCR amplicon, which indicates that exons 5 to 9 are
intact, was seen for wild-type mice (Fig. 3¢). 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 Fah™/™" mice was 12% of
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Fig. 3 | PE3 corrects the disease mutation and phenotype in Fah™*™t mice. a, A schematic representation of the experiments. Fah™"™ mice underwent
hydrodynamic injection of plasmids encoding PE3 components (that is, PE2, pegRNA and sgRNA) and were kept on water containing NTBC for 7d. The
day on which NTBC was withdrawn is defined as day 0. On day 0O, a partial hepatectomy was performed to collect liver tissue. At 40d, the PE3-treated
mice were euthanized and analysed. b, Body weight of Fah™¥m mice injected with PE3 or phosphate-buffered saline (saline control). Body weights were
normalized to the pre-injection weight. n="5 (PE3) and n=3 (saline) mice. Data are mean +s.e.m. ¢, Representative RT-PCR using RNA isolated from the
liver at 40 d. The primers hybridized to sequences in exons 5 and 9. The wild-type (WT) Fah*/* amplicon (top band) is 405 bp in length and the mutant

(Mut) amplicon (which lacks exon 8) (lower band) is 305 bp. Gapdh was used as a control. d, Representative results from Sanger sequencing of the
405-bp RT-PCR band from the PE3-treated mice shown in c. The red arrow indicates the corrected G nucleotide, which is shown in red. e, Wild-type
Fah mRNA in the liver was quantified by RT-qPCR using primers that hybridze to sequences in exons 8 and 9. WT, wild-type mice; Mut, Fah™¥mt mice;
PE3, Fah™¥mt mice injected with plasmids encoding PE3 components. Data are mean+s.d. n=3 (WT), 3 (Mut) and 5 (PE3) mice. **P=0.0093.

f, Immunofluorescence staining of FAH protein. Saline, phosphate-buffered saline control. Scale bars: 50 pm (top row), 200 pm (bottom row).

that in wild-type mice, whereas such mRNA was not detectable in
control Fah™/™* 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. Inmunofluorescence staining showed that FAH*
cells were present at an average frequency of 0.07% (range, 0.01% to
0.12%) at day O (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 model®. 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 polyploid'® and because nonparenchymal cell DNA
is mixed with that of hepatocytes; similar results were observed in
the previous genome-editing studies using this mouse model®'.
The observed editing efficiencies are comparable to those obtained
with previous approaches using HDR (9.3% at 33d after the deliv-
ery of genome-editing components and 30d after NTBC with-
drawal)®, microhomology-mediated end joining (5.2% at 37d after
the delivery of genome-editing components and 30d after NTBC
withdrawal)'® and base editing (9.5% at 38d after the delivery of
genome-editing components and 32d after NTBC withdrawal)"’
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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Fig. 4 | PE3 corrects the disease-causing mutation in a highly precise manner. a, Frequencies of intended and unintended edits in the livers of PE3-treated
mice. The frequencies were normalized by subtracting the average frequency of such editing in the control group injected with phosphate-buffered saline
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 assessed over a 136-bp range centred on the pegRNA nicking site. The red horizontal line represents the
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. ¢, 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 Fah™¥mt mice without PE3 treatment was used as the negative control (untreated). n=2 or 3 mice.

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

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

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 nucleotide'’ was 1.9%. Thus, these data suggest that prime
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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,¢, 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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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. ¢, 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 t
injection to exclude errors originating from PCR amplification and sequencing.

he average frequency of such editing in the control group without AAV-PE2
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
+20bp 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.

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 pegRNA'”', and CRISPOR""—a computational
method, as well as 4 potential off-target sites of the used sgRNA
using CRISPOR" (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-
mentally"”” or computationally>*' identify potential off-target sites
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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-¢). 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 embryos®
or human organoids’ and is also compatible with the low frequency
of off-target effects of PE3 in cultured mammalian cells"'.

PE2 corrects the disease mutation and phenotype in Fah™!/mu
mice. We also performed similar experiments using PE2, which
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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.

does not require an sgRNA, instead of PE3 (Extended Data Fig. 2a).
Fah™"/m™t mijce treated with PE2 (not NG-PE2) and the pegRNA
used for the PE3 experiments described above survived until the
end of the experiment (60d after the initial NTBC withdrawal),
whereas the control Fah™"™ mice all died within 30d (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.
2¢). Immunofluorescence staining showed that an average of 33%
of liver cells from PE2-treated mutant mice were FAH* at 60d
(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 (7d 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. 3ab). 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-seq'’, nDigenome-seq'® and CRISPOR"
(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 editing®, 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) vector* > (serotype 8) (Fig. 5a). As
a proof-of-concept study of prime editing in the retina, we chose
to target the Afp7b 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 DeepSpCas9'® (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 disease,
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-seq'® and CRISPOR", and four
potential off-target sites of the sgRNA using CRISPOR"
(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
deterioration®*. 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 cycle””. 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 patients®. However, the possibility that the exogenous
transgene might be silenced after a long period of time cannot be
ruled out’?. 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 patients”. However, the antisense-oligonucleotide
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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 c