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Prime editing enables efficient introduction of targeted transver-
sions, insertions, and deletions in mammalian cells and several
organisms. However, genetic disease models with base deletions
by prime editing have not yet been reported in mice. Here, we
successfully generate a mouse model with a cataract disorder
through microinjection of prime editor 3 (PE3) plasmids to effi-
ciently induce targeted single-base deletion. Notably, a generated
mouse with a high G-deletion rate (38.2%) displays a nuclear
cataract phenotype; the PE3-induced deletions in mutant mice
achieve high rates of germline transmission to their progenies,
with phenotypic inheritance of cataract. Our data propose that
modeling a genetic disease with a single nucleotide deletion in
mice can be achieved with prime genome editing in vivo.

INTRODUCTION

Single nucleotide mutations in the human genome, including inver-
sions, insertions, and deletions, raised from endogenous error-prone
processes or exposure to exogenous factors, are well-characterized
causes of various human diseases.' > CRISPR-Cas9-based genome
editing enables correction of disease-causing mutations.” Previously,
the CRISPR-Cas9 system has been employed to correct a cataract dis-
order with a base deletion via homology-directed repair (HDR) based
on an exogenously supplied oligonucleotide or the endogenous wild-
type allele.” In particular, the development of cytosine base editor
(CBE)® and adenine base editor (ABE)” holds great promise for ge-
netic correction of C-to-T and A-to-G substitutions in some genetic
and pathogenic diseases in our and others’ studies.* '’ However, ge-
netic installation of mutations, such as base transversion, insertions,
and deletions, which collectively account for the most known patho-
genic causes,'' is still a great challenge for gene therapy.

Another CRISPR-Cas9-based genome-editing tool, the prime editing
system, applies a “search and replace” strategy to achieve all types of
base conversions, small fragment insertions, and deletions.'? The final
optimized version of prime editor (prime editor 2 [PE2]) consists of a
fusion of a Cas9 nickase (nCas9) and an engineered reverse transcrip-
tase (Moloney murine leukemia virus reverse transcriptase [M-MLV
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RT]). Under the guidance of a prime editing guide RNA (pegRNA),
nCas9 searches and nicks the target DNA, and genetic mutations
are installed by reverse transcription and subsequent DNA repair.
To further improve the priming editing efficiency in the prime editor
3 (PE3) system, an additional single guide RNA (sgRNA) near the
target site is introduced to induce a nick on the non-edited strand to
promote wild-type strand excision in the PE3 system.'” The PE3 de-
vice enables efficient installation of targeted transversions, insertions,
and deletions, with fewer by-products and lower off-target editing,
compared to conventional CRISPR-Cas9 genome-editing systems."’
With the versatility and accuracy of this technology, PE3 can be
used for targeted mutagenesis and genetic correction in mammalian
cells, organoids, plants,'*"*"'
recent report.'” Nevertheless, the editing efficiency of transversions
in embryos or adult mice remains very low;'” successful modeling of
a genetic mutation-caused disease in mice has not been reported yet.

as well as in mouse embryos in our

RESULTS

Highly efficient installation of a G-deletion (G-del) mutation into
Crygc with the prime editing system in a mouse cell line

A single nucleotide indel-associated event is a general mutation
mechanism'® and a major cause of genetic diseases.'* To test the edit-
ing versatility of the prime editing system to introduce a single base
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Figure 1. Highly efficient installation of a G-deletion
(G-del) mutation into Crygc with a prime editing
system in N2a cells
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o (A) Schematic diagram showing the target site in mouse

Crygc locus. The PAM sequence is underlined in black,
and the spacer sequence of pegRNA is underlined in blue.

The cataract disorder-associated G nucleotide, the dele-
tion of which results in a premature stop codon (high-
lighted in the lower panel), is highlighted by a red arrow in
the upper panel. (B) The expected structure of PE2 and
pegRNAT1 used for inducing G-deletion in Crygc. (C)
Schematic diagram for the pegRNA spacer (for prime
editing) and sgRNA spacer (for nicking) design in the PE3
system for mouse Crygc editing. (D) Editing frequency of
PES (pegRNAT and pegRNA2)-induced G-deletion in N2a
cells analyzed from Sanger sequencing results. (E) Anal-
ysis of editing efficiency from Sanger sequencing results
with EditR. Two replicates were independently performed
and analyzed. (F) Targeted deep-sequencing analysis of
amplicons from two replicates of N2a cells transfected
with PE2 and pegRNAs. The proportions of G-deletion
reads were presented. (G) The proportions of sequencing
reads with indels were presented.
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deletion for genetic disease modeling, we chose to generate a mouse
model of dominant cataract disorder that is caused by a defined mu-
tation in the Crygc gene,”* with 1 bp (G) deletion in exon 3 of Crygc.
This mutation leads to a premature stop codon downstream of the
deletion site and thus produces a truncated yC-crystallin protein
and nuclear cataracts (Figure 1A) in both homozygous and heterozy-
gous mutant mice.”” We first designed two pegRNAs starting with a
primer binding site (PBS) length of 13 nucleotide (nt) and a RT tem-
plate length of 10 nt (pegRNA1) or 13 nt (pegRNA2) (Table S1), ac-
cording to the optimized principles for pegRNA design,'” to produce
an expected deletion at +1 position. The PE3 machinery for Crygc ed-
iting was composed of a PE2 protein and a transcribed pegRNA (Fig-
ure 1B); an additional nicking sgRNA targeting the non-edited strand,
25 bp downstream of the 3’ of the pegRNA-induced nick, was con-
structed (Figure 1C).

We first tested the feasibility of PE3-mediated base deletion in mouse
neuro-2a (N2a) cells. After co-transfection with PE2, pegRNA, and
nicking sgRNA-expressing plasmids for 72 h, successfully transfected
cells were collected for PCR amplification and detection by Sanger
sequencing. It showed that both pegRNAs induced highly efficient
mutations (about 80%) with a single G-deletion at the expected site
(Figures 1D and 1E), which was further validated by targeted deep-
sequencing data (Figure 1F). Further analysis demonstrated that
PE3 devices induced 2.5%-3.2% indels within the amplicons span-
ning pegRNA and nicking sgRNA target sites, and the indel rates
were much higher than that in wild-type cells, in which the indels
should be elicited by sequencing errors (Figure 1G). These data sug-
gest that both pegRNAs can specifically introduce a G-deletion muta-
tion within Crygc with low by-products.

Modeling a cataract disorder in mice with prime genome editing
by injection of PE3 machinery plasmids

Considering the low editing efficiency in mouse embryos or mice with
transcribed PE3 mRNA micro-injection,'” we tested the editing
versatility of PE3 in mouse preimplantation embryo by direct injec-
tion of PE3 plasmids (PE2, pegRNA, and nicking sgRNA), which
may extend the expression period to prolong its editing time. Compa-
rably, pegRNA1 but not pegRNA2 (Figure S1A) successfully induced
apparent G-deletion mutation in four embryonic day (E)3.5 embryos
(n =4/30 in total; Figures S1B and 2A) with editing efficiency ranging
from 13.8% to 100% (n = 4), whereas most obtained blastocysts were
lowly or not edited, with no obvious 1 bp shifting starting from the
target site in Sanger sequencing results, which were not counted as
edited blastocysts. In addition, 82.5% of injected zygotes, in total,
developed into blastocysts, indicating a low toxicity of the injected
PE3 plasmids (Figure 2A). To further improve the editing efficiency,
we measured the effect of PBS length, showing that consistent with
previous reports,'>'” 13 bp length of PBS was most efficient for tar-
geted prime editing of Crygc here (Figure S1C).

Intriguingly, one embryo was completely mutated with G-deletion
in Sanger sequencing results (Figure 2A), which proved the high
feasibility of prime editing for disease modeling in vivo. Thus, we
utilized pegRNAL1 to generate an adult mouse model of cataract dis-
order. After transferring 80 injected embryos into pseudopregnant
mice, 19 mice were born, among which two mice with apparent
G-deletion were obtained with mutation rates of 41% (#3) and
17% (#15) (Figure 2B). 4 weeks after birth, the cataract disorder
was observed in the lenses of the mouse with 41% mutation effi-
ciency, whereas another mouse (17% mutation efficiency) exhibited
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Figure 2. PE3-mediated efficient base deletion to model a cataract disorder in the mouse

(A) The editing efficiency in blastocysts induced by PE2, pegRNA1, and a nicking sgRNA (three components are all plasmids). Three independent experiments were per-
formed, and the number of blastocysts, as well as edited embryos (with apparent editing efficiency; >5% as estimated by EditR for Sanger sequencing results), was pre-
sented. Three embryos were not successfully amplified for Sanger sequencing. (B) The editing frequencies in mice induced by the PE3 (pegRNA1) system. After microin-
jection, 80 embryos were transferred, and 19 mice were born. The editing frequencies of two mice with apparent G-deletion were analyzed, and Sanger sequencing results
were presented. (C) Two female mice with apparent G-deletion were pictured, and a nuclear cataract in the lens of the mouse with high editing frequency (#3; 41%) was
highlighted by red arrows. (D) Editing frequencies in mouse tails (#3 and #15) by targeted deep sequencing. The fragments flanking the editing sites were PCR amplified, and
the PCR products were subjected to deep sequencing and analysis. The proportions of reads with “Other” (not including wild-type [WT] and G-deletion reads) and G-deletion
were presented. (E) Summary of whole genome sequencing (WGS) analysis. The genomic DNA from tails of the two mutant mice (#3 and #15) was sequenced with high
coverage. Off-target (OT) indels induced by pegRNAs or nicking sgRNAs were analyzed. Potential off-target sites were predicted by an online tool Cas-OFFinder3 (http://
www.rgenome.net/cas-offinder/). Spacer sequences with <5 mismatches and “NGG” PAM were considered as potential off-target sites.

normal lenses (Figure 2C). To further validate the efficiency of
prime editing, targeted deep sequencing was performed for
analyzing the genome sequences in two mice. We demonstrated
that 38.2% (#3) and 26.6% (#15) of sequenced reads were detected
with expected G-deletion (Figure 2D), which was close to Sanger
sequencing results, with very low levels of by-products and indels
(Figure 2D).

Subsequently, we performed whole genome sequencing (WGS) using
the genomic DNA from mouse tails to comprehensively investigate
off-targeting throughout the genome induced by the pegRNA or
nicking sgRNA. After filtering out naturally occurring variants in
the wild-type mouse with the same genetic background,'”*' poten-
tial off-targeting sites for used pegRNA or sgRNA were examined,
and no base deletions or insertions possibly induced by the PE3 de-
vice were uniquely found in mice #3 and #15 (Figure 2E). We also
performed targeted deep-sequencing analysis to assess putative off-
target sites that were predicted by Cas-OFFinder3 induced by
pegRNA or nicking sgRNA with mismatch <3, and no parent off-
targeting activity was observed (<0.1%) (Figures S2A and 2B).
Considering the usage of plasmid DNA in the PE3 device, we
analyzed the integration of PE3 plasmids in the genome, and no
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PE2 or pegRNA coding DNA sequences were detected in both
mice. Considering the possibility of scaffold sequence insertion
that contributes to indels at the target locus,'? we analyzed the
PE3 editing experiments in obtained mice (#3 and #15). As shown
in Figure S2C, about 0.15% average total insertion of any number
of pegRNA scaffold nucleotides was observed, which was much
lower than that in PE3-edited N2a cells. These data suggest that
PE3-mediated base deletion is feasible and specific in our adult
mouse model with a cataract disorder.

PE3-induced base deletion is transmitted to the next generation

Next, we asked whether PE3-induced base deletion can be transmitted
to the next generation. The two mutated mice (Figure 2C), one with
cataract disorder and the other with normal lenses, were crossed
with wild-type male mice. Among the 8 and 9 progenies, two and three
mice with a heterozygous genotype were obtained, respectively, and
the other 12 mice displayed a wild-type genotype (Figures 3A and
3B). Interestingly, two mice that were born by mice #3 and #15, respec-
tively, were observed with cataract disorders as expected, whereas the
other three mice carrying heterozygous G-deletion displayed normal
lenses (Figure 3A), which was also observed in a previous study.’
Moreover, the heterozygous genotype from Sanger sequencing was


http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cas-offinder/

www.moleculartherapy.org

wT #3 #15 B
09 9 0 0 9 wr
Y V¥ . |
- X ¥ $ Other
5 ?
I #3-4
n=9 : Q Q
@ 2 L lala Adaan
st *
S‘ 5 9 #15-1 #15-3 #15-8
e e s At
3*
#3-4 #15-1  #15-3 #15-8 ; ”'\'\ Mg P "o
? Q ? ) =
D FO mice - pegRNA E FO0 mice — nicking site
£ " Zygote from FO mice
P 0.20 < ;\? 1.5 Homozygous or WT
% t -g o Spermatozoa
E£g 01 58 10
k] 2 £ Oocyte
£ 0.10 > PE2+pegRNA
5. - - g g +ngNA
§ .g 0.05 g % 0.5 Fertilization Zygote
-] T o
go o c
I.thf 0.00 w = 0.0 Blastocyst
#3 #15 #15
F Birth
£ 0.025
2
o __ 0.020 o
S o>
5 g 0.015
2E o010
ST
g‘ 0.005 Primordial germ cell Q ,r
[
s 0.000+ T T T
iy hi IV ? @
g % 2 2o ¢
** * **

Figure 3. PE3-induced base deletion is transmitted to the next generation

(A) The two mutant female mice (#3 and #15) were crossed with WT male mice, and 8 and 9 mice were born, respectively. Two (from #3) and three (from #15) mice with
heterozygous genotype were pictured, and the lens with nuclear cataract was highlighted by red arrows. (B) Sanger sequencing results for F1 mice with heterozygous
genotypes. (C) Targeted deep-sequencing analysis of genotypes in F1 mice with heterozygous genotypes. (D) The frequency of indels in mouse tails (#3 and #15) induced by
the PE3 system (pegRNA1) was analyzed in deep-sequencing data. (E) The frequency of indels containing reads flanking the nicking sgRNA spacer was presented in mutant
mice (#3 and #15). (F) The frequency of indels in tails of F1 mice (born by #3 and #15). (G) A model for PE3-mediated genome editing and genetic transmission in vivo.

further confirmed by targeted deep-sequencing data (Figure 3C), with
~50% wild-type reads and ~50% reads with G-deletion, as well as ne-
glectable levels of by-products in F1 mice (Figure 3C).

We also analyzed the frequency of indels in FO or F1 mice in targeted
deep-sequencing data. Among the minimal levels of by-products in
FO mice, there were only 0.18% and 0.02% of sequencing reads with
indels around the pegRNA targeting site (Figure 3D). We also vali-
dated that only less than 1% reads with indels were not matched
with the wild-type sequences around the nicking site (Figure 3E). It
indicates that rare indels are induced by the PE3 system with a
pegRNA/sgRNA combination. Similarly, there were only about
0.02% indels among sequencing reads in F1 mice (Figure 3F), which
was close to the indel rate in wild-type N2a cells (Figure 1G), indi-
cating that PE3-induced minimal indels in FO mice are not readily
transmitted to F1 mice.

In total, 29.4% of offspring (n = 5/17; 2/8 from #3 and 3/9 from #15)
was heterozygous, which was close to the average percentage (32.2%)
of targeted editing efficiency in two generated mice (#3 and #15). We
postulate that a total of ~29.4% of alleles in somatic cells or ~29.4% of
germ cells in FO mice was successfully mutated by the PE3 system. It
indicates that somatic mosaicism is induced by PE3 through zygotic
injection and that even a low rate of mutations can be transmitted to
the next generation through crossing, particularly facilitating disease
modeling (Figure 3G).

PE3-mediated repair of G-deletion in Crygc in N2a cells

To test whether the PE3 device can be used for correction of disease-
related genetic mutations, N2a cells with G-deletion induced by PE3
were subjected to establish single cell clones with homozygous geno-
types. Among established 8 cell lines, expected mutations were observed
in 5 clones, without other unexpected mutations or indels (Figure 4A),

Molecular Therapy: Nucleic Acids Vol. 25 September 2021 497


http://www.moleculartherapy.org

A Clone

1 3666CTCTT======-=-=-| -}

® NO G AWN

AGTAGIGIGGCCTTCCAGGACTGBGGGCTCTGETAGA

ciones. anthaittccallichatatnodon)
Clone 8 \ﬂMMgM \(\(\M\ “ M“MDQ W\“nﬂ

B Prime editing template:
PBS

e ¥ gyt wdpted |

caagagtaccggcacttccaggactgg:

G insertion
Genomic sequence: @ ! :
PAM

tgaggcctcaagagtai_éébc\:éttccaggactggggctctgtagatgctaagg

< AGTACCGG6ELTTCCABBACTEEGGCTC

Z<g

Xz

i Clone 6
a /

23

o 3

20

o=

£2 MMMMAMAMMAMMM Cionsid
O +

o

Figure 4. PE3-mediated repair of G-deletion in Crygc in N2a cells
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(A) Genotyping of 8 clones from PE3 (pegRNA1)-induced N2a cells. The Sanger sequencing results for clones 6 and 8 were presented. (B) Schematic diagram for pegRNAS3-
induced repair of G-deletion in clones 6 and 8. (C) Targeted deep-sequencing analysis of amplicons from WT N2a cells, clone 6, clone 8, and clone 6 or clone 8 transfected
with the PE device for correction (PE2, pegRNA3, and nicking sgRNA). G-insertion occurred in clones 6 and 8 and makes the genome become a WT status (defined as WT/

G-insertion). The proportions of reads with WT, other, and G-deletion were presented.

which can be used as a cellular model for cataract disorder. We then
constructed PE3 plasmids with a specific pegRNA3 and the same nick-
ing sgRNA to introduce a G-insertion into clones 6 and 8, to repair the
genetic mutation in cataract disorder (Figure 4B). As expected, G-dele-
tion was successfully repaired by our designed PE3 editing strategy with
pegRNA3, with 33.3% and 26.7% editing efficiency in the two clones,
respectively, as demonstrated by Sanger sequencing and targeted
deep-sequencing results, with very low levels of by-products (Figures
4B and 4C). Thus, we proved the conceptional feasibility to repair a ge-
netic cataract disorder in a cellular model.

DISCUSSION

The powerful ability of the PE3 device to install targeted transver-
sions, insertions, and deletions enables introduction of targeted muta-
genesis in various models.'>'*"'” However, very low editing efficiency
can be achieved by microinjection of PE3 mRNAs in our previous
study.'” We also tested the editing efficiency of PE3 mRNAs for the
Crygc targeting site before testing plasmid injection, whereas very
low targeting efficiency was consistently observed (data not shown).
Thus, we tried to inject PE3 plasmids in the present study for disease
modeling. Surprisingly, we obtained edited embryos and adult mice
with very high targeting efficiency (100% and 41%). More impor-
tantly, we observed a genetic cataract disorder in an obtained FO
mouse. As far as we know, this is the first report for PE3-mediated dis-
ease modeling with a disease phenotype in mice.

498 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

Additionally, we find that PE3-induced genetic mutations can be
transmitted to the next generation with high efficiency. Even for edi-
ted FO mice with low editing efficiency, without expected disease
phenotype, the introduced genetic mutations can be passaged to the
F1 progenies through haploid germ cells. Therefore, here, we provide
a relatively low but feasible pathway to obtain disease models with the
PE3 system; even sometimes the disease-related phenotype cannot be
observed in FO mice.

In summary, we successfully generate a genetic mouse model of cata-
ract disorder by PE3-induced targeted base deletion through microin-
jection of PE3 plasmids but not mRNA. Notably, the FO mouse with a
high G-deletion rate displays a nuclear cataract phenotype; the PE3-
induced G-deletion in mutated mice with or without cataract disorder
can achieve high rates of germline transmission to their progenies,
with or without phenotypic inheritance. Lastly, our data in a cellular
model propose that correction of a genetic disease with base deletions
by prime genome editing can be anticipated in zygotes or even adult
tissues.

MATERIALS AND METHODS

Animals

Animal experiments in the present study were approved by the Ani-
mal Care and Use Committee of the Institute of Neuroscience, Chi-
nese Academy of Sciences, Shanghai, China. Mice were maintained
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in a specific pathogen-free (SPF) facility under a 12-h dark-light cycle.
B6D2F1 (C57BL/6] x DBA/2) mouse strains were used as embryo
donors, and ICR (Institute of Cancer Research) were used as pseudo-
pregnant mothers.

Microinjection, embryo in vitro culturing, and embryo transfer
Microinjection of mouse embryo was performed referring to our pre-
viously described method.”” Briefly, superovulated B6D2F1 female
mice were mated with adult B6D2F1 males, and zygotes were
collected from female oviducts at 20 h post-human chorionic gonad-
otropin (hCG; Sansheng, China) injection. pCMV-PE2 plasmid
(Addgene; 132775) (100 ng/pL), pegRNA (50 ng/uL), and nicking
sgRNA expression plasmids (50 ng/uL) were mixed, and 2—4 pL
mixture was injected to the cytoplasm of zygotes at 21—24 h post-
hCG. Microinjection was performed in a droplet of M2 (Sigma-
Aldrich, USA; M7167) containing 5 pg/mL cytochalasin B by using
a Piezo-driven micromanipulator (Prime Tech, Japan; Pmm4G).
Then the embryos were cultured in potassium simplex optimized me-
dium (KSOM; Millipore, USA; MR-106-D) at 37°C in 5% CO, atmo-
sphere. The embryos were cultured until blastocyst stage (E4.5) and
then subjected to genotyping. To generate live pumps with targeted
genome editing by a PE3 device, embryos were transferred to the ovi-
ducts of pseudopregnant ICR mice immediately after microinjection,
with 20 embryos for each surrogate.

Plasmid construction

pCMV-PE2 was purchased from Addgene (132775). The pegRNA
plasmid was constructed according to a modified method as previ-
ously described.'>'” In brief, the pegRNA expressing vector was
PCR amplified from pGL3-U6-sgRNA-EGFP (Addgene; 107721) us-
ing Phanta Max Super Fidelity DNA Polymerase (Vazyme, China).
The pegRNA backbone PCR primers are the following: forward 5'-
agctaggtctectttttttaaagaattctcgacctcgagac-3'; reverse 5'-tctcteggtctcac
ggtgtttcgt-3’. Then purified PCR products were subjected to digestion
with Bsal-HFv2 (NEB) to produce cohesive ends. Spacer oligos,
pegRNA 3’ extension oligos, and sgRNA scaffold sequences with
phosphorylation (T4 Polynucleotide Kinase [PNK]; NEB) at 3’ ends
were synthesized, and pairs of top and bottom oligos were annealed,
respectively. Then, pegRNA expression backbone and annealed oligos
of spacers, sgRNA scaffold sequences, and 3’ extension oligos were
ligated using with T4 DNA ligase (NEB) for plasmid construction.
A similar strategy was designed for pegRNA3 used in correction of
G-deletion mutation in mutated N2a clones. The sequences for syn-
thesis are listed in Table S1. For construction of sgRNAs used for
nicking, DNA oligos were synthesized, annealed, and cloned into a
Bsal-digested pGL3-U6-sgRNA-mCherry expression vector with T4
DNA ligase (NEB). The sgRNA oligo sequences are the following: for-
ward 5'-accgtatgagatgcctaactaccg-3'; reverse 5'-aaaccggtagttaggcatct
cata-3'.

Cell culture and transfection

N2a cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (Gemini) at
37°C with 5% CO, in an incubator (Thermo Fisher Scientific).

Confluent cells were seeded onto 24-well plates. 24 h after seeding,
transfection was performed at approximately 70% confluence using
EZ Trans (Shanghai Life iLab, China) according to the manufacturer’s
instructions. Briefly, a total of 1,300 ng plasmids (900 ng PE2, 300 ng
pegRNAs, and 100 ng nicking sgRNAs) were transfected per well. Af-
ter transfection for 72 h, pegRNA-GFP and sgRNA-mCherry double-
positive cells were sorted by fluorescence-activated cell sorting
(FACS). 30,000 cells were collected for each sample.

Genomic DNA extraction and genotyping

Genomic DNA of GFP and mCherry double-positive N2a cells and
E4.5 blastocysts was extracted using QuickExtract DNA Extraction
Solution (Lucigen) according to the manufacturer’s instructions.
Genomic DNA of mouse tails was extracted by the phenol-chloro-
form method as we previous described.”> Purified DNA was PCR
amplified with Phanta Max Super-Fidelity DNA Polymerase (Va-
zyme, China). Primers used for genotyping are listed in Table S2.

Estimation of editing efficiency

An online tool EditR (https://moriaritylab.shinyapps.io/editr_v10/)
was applied to estimate the editing frequency with Sanger sequencing
results.

Targeted deep sequencing

The fragments covering the on-target sites were amplified from
genomic DNA using Phanta Max SuperFidelity DNA Polymerase
(Vazyme). The paired-end sequencing of PCR amplicons was per-
formed by Illumina NextSeq 500 (2 x 150) platform at Novogene,
China. Primers used for targeted deep sequencing are listed in Table
S2. The adaptor pair of the pair-end reads was removed using Adapt-
erRemoval version (v.)2.2.2, and pair-end read alignments of 11 bp or
more bases were combined into a single consensus read. All processed
reads were then mapped to the target sequences using the Burrows-
Wheeler Alignment-maximal exact match (BWA-MEM) algorithm
(BWA v.0.7.16). For each site, the mutation rate was calculated using
bam-readcount with parameters -q 20 -b 30. Indels were calculated
based on reads containing at least 1 inserted or deleted nucleotide
in the protospacer. Indel frequency was calculated as the number of
indel-containing reads/total mapped reads. The aligned reads were
visualized by using the Integrated Genome Viewer (IGV) and tabbed
using Pysamstats. For analyzing the percentage of sequencing reads
with scaffold insertion of any length among total reads, we used a
method as previously described,'” and all reads with scaffold se-
quences were considered as scaffold insertions. If the wild-type nucle-
otides were the same to the tail of scaffold sequences, then these reads
were not considered as scaffold insertions.

Estimation of off-targeting activity

The potential off-target sites were predicted by Cas-OFFinder3 with
NGG protospacer adjacent motif (PAM) (http://www.rgenome.net/
cas-offinder). The information for predicted off-target sites with up
to 5 nt mismatches is summarized in Table S3. Primers used for tar-
geted deep sequencing to detect putative off-target sites of pegRNA1
and nicking sgRNA with up to 3 nt mismatches are listed in Tables S4
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and S5. Because there were 27 putative off-target sites for pegRNA1
with three mismatches, we randomly selected 9 sites for off-targeting
analysis.

WGS

Two mutant FO mice, #3 and #15, were subject to WGS. 1 pg of
genomic DNA extracted from mouse tails was fragmented
(~300 bp) by ultrasonication using a Covaris S2 system. Then, the
sheared DNA fragments were subjected to DNA library construction,
followed by high-throughput sequencing by the HiSeq X Ten plat-
form (Illumina) as paired-end 150 bp (Novogene, China). The
WGS data of wild-type mice have the same genetic background
with the founders used in our previous study,'”*' and these data
were used for background subtraction. The raw data were first filtered
to remove low-quality reads with the following criteria: (1)
sequencing quality of <3 and (2) reads with residual length of <40 ba-
ses after the adaptor sequences were trimmed. Then the filtered
sequencing reads were converted into FASTQ files, and all clean reads
were mapped to the mouse genome (GRCm38/mm10) by using BWA
v.0.7.13 with default parameters. The Genome Analysis Toolkit
(GATK; v.3.7) HaplotypeCaller was applied for identifying variants,
following the criteria as follows: (1) sequencing depth (for each indi-
vidual) >1/4x and <4 X; (2) root mean square (RMS) mapping quality
(MQ) >40.0; (3) Phred-scaled p value using Fisher’s exact test to
detect strand bias <60; (4) Z score from the Wilcoxon rank sum
test of alanine transaminase (Alt) versus Ref read MQs (MQRank-
Sum) >—12.5; and (5) Z score from the Wilcoxon rank sum test of
Alt versus Ref read position bias (ReadPosRankSum) >—8. After
filtering out variants that were not detected in the two wild-type
mice, we picked out the variants with G-deletions among the remain-
ing variants. These remaining variants with the putative off-target
sites, which were predicted by Cas-OFFinder3 (up to 5 mismatches),
were scanned.

Data accession

WGS and deep-sequencing data are deposited to the Sequence Read
Archive (SRA) database (SRA: PRJNA713933). The authors declare
that all used plasmids, annotated DNA sequences, and other data
are all available from the author upon request.

Statistical analysis

Results were obtained from two or three independent experiments
and are presented as the mean + SD values. Data plotting was carried
out using GraphPad Prism 8.0.
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