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Traditional CRISPR/Cas9-based gene knockouts are generated
by introducing DNA double-strand breaks (DSBs), but this
may cause excessive DNA damage or cell death. CRISPR-based
cytosine base editors (CBEs) and adenine base editors (ABEs)
can facilitate C-to-T or A-to-G exchanges, respectively, without
DSBs. CBEs have been employed in a gene knockout strategy:
CRISPR-STOP or i-STOP changes single nucleotides to induce
in-frame stop codons. However, this strategy is not applicable
for some genes, and the unwanted mutations in CBE systems
have recently been reported to be surprisingly significant. As a
variant, the ABE systems mediate precise editing and have
only rare unwanted mutations. In this study, we implemented
a new strategy to induce gene silencing (i-Silence) with an
ABE-mediated start codon mutation from ATG to GTG or
ACG. Using both in vitro and in vivomodel systems, we showed
that the i-Silence approach is efficient and precise for producing
a gene knockout. In addition, the i-Silence strategy can be em-
ployed to analyze ~17,804 human genes and can be used to
mimic 147 kinds of pathogenic diseases caused by start codon
mutations. Altogether, compared to other methods, the ABE-
based i-Silence method is a safer gene knockout strategy, and
it has promising application potential.
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INTRODUCTION
Standard CRISPR-mediated gene knockout strategies rely on the
repair of DNA double-strand breaks (DSBs) by non-homologous
end joining (NHEJ) or homology-directed repair (HDR), which
may lead to uncontrolled and unexpected DSB-induced toxicity.1–3

By fusing a cytidine or adenosine deaminase enzyme with a Cas9
nickase, the newly discovered cytosine and adenine base editor
(CBE and ABE) systems can introduce precise single base conversion
of C-to-T or A-to-G to modify the genome without a double-strand
break.4,5 The CBE and ABE systems are now being used in different
ways to generate genetically modified models that mimic human dis-
eases.6–9 Recently, two groups reported an alternative approach to
generate gene knockouts by introducing early stop codons using
CBEs without DSBs, named CRISPR-STOP10 and i-STOP.11 It was
Molec
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reported that pretermination of specific genes by CBE-introduced
stop codons could result in the efficient knocking out of a gene in cells
or model animals.10,11 However, this strategy also has limitations.
Early termination of gene expression usually targets the first 20% of
the coding region to avoid the production of truncated protein vari-
ants.12 However, as revealed by high-throughput analysis, only
approximately 80% of human gene open reading frames (ORFs) are
targetable, so there are still some genes that cannot be knocked out
by i-STOP.12 Furthermore, recent publications also reported con-
cerns about unwanted mutations being introduced at the DNA level
by CBEs but not by ABEs.13,14 Until now, the ABE system has been
shown to facilitate efficient and precise A-to-G conversion with
rare unwanted mutations, which makes it especially useful for gener-
ating desired genetically modified model organisms. Considering the
methodological limitations of the CBE-mediated gene knockout, we
tried to explore another alternative method.

In this study, we developed an efficient strategy that is safer than CBE-
mediated editing; the developed strategy for gene disruption is based on
ABE-mediated precise editing. Induced gene silencing (i-Silence) was
achieved by introducing a mutation to the start codon (ATG to GTG
or ACG) using the ABE system. Tomake a comprehensive demonstra-
tion of the method, we tested this strategy both in vitro and in vivo. Our
results show that the ABE system can induce efficient modification at
the start codon of targeted genes, leading to successful gene silencing in
both cultured cells and mice, which indicates that this strategy is appli-
cable to generate gene knockout models. Meanwhile, whole-genome
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Figure 1. Verification of Gene Disruption by ABE-Mediated i-Silence Using an In Vitro EGFP Reporter System

(A) Schematic representation of the EGFP reporter system and targeting strategy. The gene coding sequence (CDS) without a stop codon was cloned and fused with the

EGFP gene without a start codon. The ABE-mediated i-Silence technique was designed to target the start codon (ATG) of the fusion protein, and the targeting efficacy was

monitored by assessing the EGFP signal. (B and C) Analysis of the gene silencing results were determined by FACS analysis (B) and fluorescence microscopy (C). Cells

transfected with scrambled sgRNA, dCas9, and the mutant CDS1GTG-GFP or CDS2ACG-GFP plasmids were included as control groups. Data were obtained from three

independent experiments (n = 3) and were analyzed by Student’s t tests (shown as the mean ± SEM). Scale bars, 100 mm. (D) Sanger sequencing chromatographs show the

targeted CDS fromDNAs that were isolated from the transfected cells. The PAM sequence is shown in lowercase, and the targeted substituted sequence is shown in red and

is underlined. The red arrow indicates the substituted base.
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sequencing (WGS) indicates that the ABE-mediated i-Silence method
generated no off-target effects in the edited mouse genome. In
summary, the i-Silence technique is mediated by the ABE system
and can be used as an efficient and precise gene disruption strategy
for functional genetics studies and disease model generation.

RESULTS
i-Silence Induces Successful Gene Disruption in a Reporter

System

To test the methodological feasibility of ABE-mediated i-Silence, we
first tested the strategy in an enhanced green fluorescent protein
(EGFP)-based reporter system. Basically, the coding sequence of
EGFP without the start codon ATG was PCR amplified and fused
to the C-terminal end of the target gene coding sequence (CDS)
without the stop codon. Fusion protein expression could be moni-
tored by EGFP signals, which would be decreased upon i-Silence-
mediated start codon alteration. To validate the strategy, two tran-
script variants, CDS1-GFP and CDS2-GFP, were included in the
test. For ABE-mediated targeting, the single-guide RNA (sgRNA)
was designed to target the ATG start codon (Figure 1A). Then, the
432 Molecular Therapy Vol. 28 No 2 February 2020
reporter plasmid was transfected into HEK293T cells together
with plasmids expressing ABEmax, sgRNAs, or control vectors.
Meanwhile, start codon mutated reporter plasmids (CDS1GTG-GFP
or CDS2ACG-GFP) were used as negative controls.

EGFP fluorescence was analyzed 48 h after transfection. When
cotransfected with ABEmax and the targeting sgRNA, the EGFP
reporter expression was significantly decreased compared with what
was observed in cells transfected with the control sgRNA or dead
Cas9 (dCas9), as revealed by flow cytometry (Figure 1B; Figure S1)
and fluorescence microscopic analyses (Figure 1C). Then, transfected
cells were harvested, and DNA samples were extracted. As further
confirmed by Sanger sequencing, the ATG start codon in some of
the cells was successfully modified to GTG or ACG (Figure 1D). To
further verify that the decrease of protein expression was not caused
by ABEmax binding to the start codon, we performed the analysis
on both day 2 and day 4 post-transfection. As shown in Figure S2,
the GFP-positive rate of the i-Silence-edited group was significantly
decreased compared with the ABEmax-mut (with dCas9) group, the
scramble sgRNA group, and the reporter-only group. These results



Figure 2. ABE-Mediated i-Silence Induces Efficient

and Precise Endogenous Gene Knockout in

HEK293T Cells

(A) Quantification of ABEmax-induced A-to-G editing fre-

quency of target genes in HEK293T cells. Data are shown

as themean ± SD from three independent experiments (n =

3). (B) Characterization of the targeted base editing product

purity. (C) Sanger sequencing analysis of the start codon

locus of HDAC1-targeted cells. WT, WT HEK293T cells;

population, mixed cell population after ABE-mediated i-

Silence; clone #5 and #12, single clones isolated from i-

Silence-edited cells. The on-target start codon ATG is

underlined, and the A-to-G conversion is indicated with an

arrow. (D) Analysis of HDAC1 expression in i-Silence-edi-

ted cell clone #5 and #12, as assessed by western blot.

GAPDH was used as a protein loading control.
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demonstrated successful gene silencing by i-Silence-mediated start
codon editing in vitro.

Efficient Endogenous Gene Knockout in HEK293T Cells by

i-Silence

To further verify the efficiency of ABE-mediated gene i-Silence, four
endogenous genes (HDAC1, SEC61B, PIGH, and FTL) were selected
for validation in HEK293T cells. Both HDAC1 and SEC61B cannot
be knocked out by the i-STOP strategy, and PIGH and FTL were re-
ported to have start codon ATGmutations in clinical case reports.15,16

The corresponding sgRNAs were cotransfected into cultured cells
together with the ABEmax construct. According to the deep
sequencing data, the editing frequencies for all genes ranged from
60% to 80% (Figure 2A). The A-to-G substitution occupied more
than 99% of all ABE-mediated base editing products, and the ratio
of unwanted byproducts A-to-C or A-to-T was less than 0.5% (Fig-
ure 2B). The Sanger sequencing results also concur with the conclu-
sion above (Figure S4). For HDAC1 gene targeting, we subcloned the
edited cells for further verification. The i-Silence editing in clone nos.
5 and 12 was confirmed by Sanger sequencing, and the protein
expression levels were analyzed by western blot, which indicated suc-
cessful sequence modification and loss of expression (Figures 2C and
2D). The SEC61B gene was also confirmed to be knocked out in
HEK293T cells by Sanger sequencing and western blotting (Fig-
ure S5). In conclusion, validation with multiple target genes showed
that the ABE-mediated i-Silence strategy is applicable for efficient
silencing of endogenous genes, and unwanted editing is rare.

Successful Gene Knockout in Mice by i-Silence

We then tried to determine whether i-Silence is an efficient
approach to knock out a gene in vivo. The mouse gene
programmed cell death protein 1 (PD-1) was chosen as the target
(Figure 3A). First, the designed targeting system, especially the
Mole
sgRNA, was validated in mouse Neuro-2a
(N2a) cells. The statistical results of deep
sequencing indicated that the ATG start codon
editing efficiency was approximately 33%, and
the indel frequency was low (Figure S6). Therefore, the mRNA of
ABEmax combined with the sgRNA was injected into 10 mouse
zygotes. Seven injected zygotes were cultured in vivo to the blasto-
cyst stage, and the genomic DNA was extracted for further analysis
(Table S1). Notably, the average editing efficiency ranged from
31.8% to 73.6% in different embryos, and the indel frequency
was less than 0.1% (Figure 3B).

Based on the successful start codon mutation of mouse zygotes, we
generated a PD-1 knockout mouse using the i-Silence strategy. A total
of 49 embryos were injected with the same materials and then trans-
ferred into surrogate mice. As a result, 10 pups (named P1 to P10)
were born, and genomic DNA was extracted from the tails of each
and was analyzed by deep sequencing (Table 1). As confirmed by
Sanger sequencing (Figure S7) and deep sequencing (Figures 3C and
3D), all the pups were successfully edited and had few indels. The high-
est editing efficiency was 90.4%, which was seen in mouse no. 10 (P10).
Furthermore, the editing efficiency was confirmed in six more organs,
and the results indicated that the PD-1 start codon editing was the same
in these tissues as it was in the tail (Figure 3E; Figure S8D).

We further validated the PD-1 protein expression level by western
blot using samples from the edited pups (P5 and P10). The PD-1 pro-
tein level of P10 was significantly decreased in both the thymus and
spleen compared to the levels observed in the wild-type (WT) control;
P5 showed an intermediate expression level (Figures 3F and 3G). The
protein level confirmed successful editing of the PD-1 gene by ABE-
mediated i-Silence.

Off-Target Analysis by WGS and Deep Sequencing

To further verify the precision of ABE-mediated i-Silence, the off-
target effects were investigated by WGS and amplicon-based deep
sequencing. WGS was performed on the PD-1 gene edited mouse
cular Therapy Vol. 28 No 2 February 2020 433
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Figure 3. Efficient PD-1 Knockout in Mice by i-Silence

(A) Scheme of the ABE-mediated i-Silence strategy for the mouse PD-1 gene. The upper sequence indicates the reference sequence, while the lower sequence indicates the

expected mutant sequence, and the adjacent sequence is shown in gray. The PAM sequence and the targeted start codon are bold and underlined, respectively. The

targeted A-to-G conversion is shown in red. The corresponding amino acid is shown up or under the sequence. (B) Editing efficiency and indel frequency of PD-1 on mouse

embryos are shown. (C) Editing efficiency and indel frequency of PD-1 on mouse pups are shown. (D) Representative alignments of modified sequences from 10 i-Silence-

edited PD-1 mutant newborn pups. The PAM sequences and substitutions are bold and underlined, respectively. The A-to-G mutation is highlighted in red, and the

corresponding amino acid that is changed is shown on the right. (E) The conversion frequency of the PD-1 start codon in different organs of P10 mice is shown. (F) Western

blot and (G) band quantification analysis were performed to detect PD-1 protein levels in the thymus and spleen of P5 and P10 mice.
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Table 1. Summary of the Manipulation and Genotyping of Newborn Pups

Target
Gene Methods

No. of Examined
Embryos

No. of Transferred
Embryos No. of Offspring (%)

Mutant Ratio (%)

Mutants/Tested
Offspring

No. of Indels Mutants/Total
Mutants

PD-1 microinjectiona 50 49b 10 (20)c 10/10 (100) 0/10 (0)

asgRNA of PD-1 + ABEmax-NGG mRNA.
bOne embryo died during the microinjection.
cCalculated form the total number of transferred embryos.
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(P10) and a WT mouse at mean depths of 34.7� and 24.7�, respec-
tively (Figure 4E). A total of 48,440 and 49,568 single-nucleotide
polymorphisms (SNPs) were detected for mouse P10 and the WT
mouse (Figure 4A). Only 3,076 unique SNPs were found in the
mouse P10 genome after filtering out the database of SNPs (dbSNPs)
andWT SNPs. There was not a significant increase in the number of
SNPs in the ABE-edited mouse P10 compared to what was observed
in theWTmouse (Figure 4A). To analyze the potential for off-target
effects, 0-, 1-, and 2-base mismatches in the seed region and 0–7 bp
in the non-seed region were analyzed. As a result, a total of 10,911
sites were analyzed, and no off-target changes were identified (Fig-
ures 4C and 4D). To further explore the potential off-target effects
generated by the i-Silence strategy, deep sequencing was used on
three PD-1 mutant mice with the highest editing efficiency (P10,
P5, and P6) and aWTmouse. The potential off-target sites were pre-
dicted with up to 4-base mismatches in the mouse genome, and the
results showed no 0-, 1- or 2-base mismatches (Table S6). Eighteen
top off-target sites on the list were selected and subjected to deep
sequencing with an average over 900,000 in depth. The results
showed no base substitution at any of these sites compared with
the WT control (Figure 4F). In summary, the WGS and off-target
deep-sequencing results demonstrated the precision of ABE-medi-
ated i-Silence editing in vivo.
ABE-Mediated i-Silence Strategy Enables the Knockout of

Human Genes on a Genome Scale

To determine whether i-Silence could be utilized for genome-wide
studies of human genes, we analyzed all of the coding genes reported
in the human reference genome (NCBI). A gene that is targetable by i-
Silence means that all of its transcripts can be targeted. An i-STOP/
CRISPR-STOP gene is targetable if the first 20% of its coding
sequence is targetable, which avoids the production of truncated
protein.12 Remarkably, a total of 17,804 genes are targetable with
i-Silence using six different protospacer-adjacent motifs (PAMs),
which accounts for approximately 92.4% of human genes (Figure 5A).
Among all i-Silence targetable genes, 20% of genes (5,025/19,247)
have potential downstream ATG codons within the first 3% of their
sequence (Figure 5B). We further analyzed the coverage of the i-
Silence and i-STOP strategies on the human genome. As visualized
in a Venn diagram (Figure 5C), a total of 16,730 genes can be targeted
by both strategies, whereas 118 genes are not targeted by either strat-
egy. Meanwhile, 1,074 genes can only be targeted by i-Silence and
1,345 genes can only be targeted by i-STOP. These results indicate
that the i-Silence strategy is a good complement to i-STOP for
achieving genome-wide targeting.

More importantly, start codon mutations are frequently associated
with human disease. To determine whether i-Silence could be utilized
to model ATG mutations, we analyzed the human variation database
(ClinVar) and found 247 human diseases with reported start codon
mutations in specific genes. Among these, 147 genes can be modeled
by the i-Silence strategy (Figure 5D).

In summary, these analyses demonstrate that the ABE-mediated
i-Silence strategy is a promising approach for genome-wide func-
tional studies, and it also has potential clinical value for modeling hu-
man diseases caused by start codon mutations in specific genes.
DISCUSSION
In this study, we designed an alternative approach to induce gene
silencing bymutating the start codon with ABE-mediated editing. Us-
ing a series of validation tests performed in both cultured cell lines
and a mouse model, we demonstrated that the i-Silence strategy
can facilitate efficient mutation of a start codon, leading to successful
disruption of gene expression.WGS analysis revealed that ABE-medi-
ated i-Silence is also a safer strategy to precisely induce targeted base
editing without generating unwanted edits. Therefore, i-Silence
induced by ABE is a good complement to CBE-mediated gene
knockout strategies.

The i-Silence strategy provides possible approaches for addressing
some challenging biological questions. For example, i-Silence could
allow investigation of the function of different isoforms of a gene
by mutating the start codon of the specific isoform. The protein trans-
lation may start from a downstream ATG codon when the original
start codon is mutated. According to our analysis, 20% of i-Silence
targetable genes (5,025/19,247) have downstreamATG codons within
the first 3% of their sequence (Figure 5B). To validate whether there is
unwanted protein produced when the original start codon ATG is
mutated, one or two nucleotide insertions between the CDS2 and
GFP genes (Figure S3A) were constructed to validate the method
by assessing GFP expression. Both incorporated GFP reporters
(CDS2ATG-G-GFP and CDS2ATG-GT-GFP) showed no GFP expres-
sion (Figure S3B). To further investigate the function of alternative
ATG codons, we performed an experiment by constructing three
kinds of ATG codons in the CDS2ACG-GFP reporter (Figure S3C).
Molecular Therapy Vol. 28 No 2 February 2020 435
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No EGFP signals were detected in any of these test groups compared
with the CDS2ATG-GFP control group (Figure S3D), which indicated
that no unwanted protein variants were produced in the reporter sys-
tem. This simplified test excluded the possibility of splicing initiation
by alternative ATG codons, but detailed targeting risk analysis needs
to be verified case by case during practical use.

As revealed by a human genome scale analysis, most of the genes that
are not targetable by i-STOP can be targeted by the i-Silence strategy,
and vice versa (Figure 5C). A combination of i-Silence and i-STOP tar-
geting strategies generates almost full coverage of the human genome.
Moreover, an investigation of the human disease database also revealed
the potential application of i-Silence in mimicking 147 human diseases
caused by start codon mutations (Figure 5D). Some particularly
complicated situations were not tested in this study; for example, we
did not simultaneously target multiple transcript variants of the same
genewith distinct start codons. However, we think that distinct variants
would also be targetable the with the i-Silence method through the use
of multiple sgRNAs, as has been done in the i-STOP strategy.

In summary, by using a series of comprehensive analyses, the ABE-
mediated i-Silence strategy is confirmed to be an efficient and safer
approach for generating gene knockout and has potential clinical
applications. Besides the i-Silence strategy, the ABEs-mediated
nucleic acid mutation can also be used for correction of the nonsense
mutation, which is termed as CRISPR-Pass in a previous study.17

These two strategies showed the contrary applications of ABEs for
studying the gene function, and both of them present a great power
in basic research and clinical application.

MATERIALS AND METHODS
Mice

In this study, C57BL/6J and ICR mice were used as embryo donors
and foster strains, respectively. Mice were purchased from the
National Resource Center of Model Mice of Nanjing University and
were maintained in a specific pathogen-free (SPF) barrier facility of
Soochow University with normal diet and a 12-h dark/12-h light cy-
cle. All mice-related experiments were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of the CAM-
SU Genomic Resource Center (CAM-SU GRC), Soochow University.

Plasmid Construction

EGFP reporter plasmids were constructed to contain the CDS1/CDS2
gene fused with the EGFP gene, and the sequence information for
CDS1/2 is shown in Table S7. In brief, the EGFP gene without the
ATG start codon was cloned into the pcDNA3.1 (Invitrogen) vector
using BamHI and HindIII restriction sites. CDS1 or CDS2 genes
Figure 4. Off-Target Analysis with WGS and Deep Sequencing on PD-1 i-Silenc

(A) A summary of SNP analysis by WGS is shown. After filtering out naturally occurring

genome. The number of A/T conversions is shown. (B) Confirmation of the on-target base

target site information. A total of 10,912 sites, including 1 on-target site and 10,911 off-ta

target analysis with WGS is shown. (F) Targeted deep sequencing was performed for 18

(n = 3); the WT mice severed as controls.
without stop codons were amplified and cloned into the
pcDNA3.1-EGFP vector using the XhoI and BamHI restriction sites.
For the sgRNA plasmid construction, oligonucleotides were annealed
and ligated into BsaI-linearized pGL3-U6-sgRNA-PGK-puromycin
(Addgene, 51133), pGL3-U6-sgRNA-EGFP, or pUC57-sgRNA
expression vectors (Addgene, 51132). The ABEmax-mut (dCas9)
plasmid was constructed by site mutation of H840A in nickase
Cas9 (D10A). The sequences of the oligonucleotides used for plasmid
construction are listed in Table S2.

Cell Culture and Transfection

HEK293T cells andN2a cells were purchased fromATCC and cultured
inDMEM(HyClone, SH30243.01) supplementedwith 10% fetal bovine
serum (Gemini, 900-108) and 1% penicillin-streptomycin (Gibco,
15140122). HEK293T and N2a cells were transfected using Lipofect-
amine 2000 (Life Technologies, Invitrogen) according to the manufac-
turer’s protocol. For the validation test in the reporter system,HEK293T
cellswere seeded and cotransfectedwith 10ngofCDS1-EGFPorCDS1-
EGFP, 300 ng of sgRNA, and 600 ng of ABEmax plasmids and 2 mL of
Lipofectamine 2000. Scrambled sgRNA, dCas9, ABEmax-mut,
CDS1GTG-GFP, or CDS2ACG-GFP was transfected as controls. For
endogenous gene targeting, cells were seeded on poly-L-lysine (Sigma,
P4707)-coated 24-well plates (JET BIOFIL); then, 300 ng of sgRNA
and 600 ng ofABEmax plasmids were transfectedwith 2mL of Lipofect-
amine 2000. The cells were cultured at 37�Cwith 5%CO2, and theGFP-
positive cells were analyzed by fluorescence-activated cell sorting
(FACS) 48 and 96 h post-transfection.

Flow Cytometry

HEK293T or N2a cells were harvested and subjected to flow
cytometry 48 h post-transfection. For the validation test in the
reporter system, a total of 10,000 cell events were recorded and
analyzed using FlowJo v10. For the EGFP reporter system, transfected
cells were harvested for analysis and Sanger sequencing. For
endogenous gene targeting efficiency analysis, 10,000 GFP-positive
cells were harvested for genomic DNA isolation. To obtain a mutation
cell colony, single-cell sorting was performed. Sorted cells were
cultured in a 96-well plate and validated by sequencing.

In Vitro Transcription

The ABEmax plasmid was linearized by treatment with BbsI enzyme
(NEB), and it was transcribed using the T7 ultra kit (Ambion) accord-
ing to the manufacturer’s protocols. Then, ABEmax mRNA was
purified using a mini kit (QIAGEN). The sgRNA was amplified
from a pUC57-sgRNA expression vector with a T7 promoter
(Addgene, 51132) and was transcribed using a MEGAshortscript
T7 transcription kit (Ambion). Then, the sgRNAs were purified
e-Edited and WT Mice

variants in the mouse SNP database, 15,078 SNPs were obtained from the P10

editing by analyzing theWGS results of P10mice. (C) Summary of on-target and off-

rget sites, were analyzed. (D) A summary of theWGS is shown. (E) A summary of off-

potential off-target sites, and the mutation rates in i-Silence-edited mice are shown
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Figure 5. ABE-based i-Silence Is Capable of Genome-Scale Application

(A) The number of i-Silence and i-STOP targetable human coding genes (NCBI reference sequence) are shown for six distinct PAM specificities. A gene that is targetable by

i-Silence means that all of its transcripts can be targeted. An i-STOP/CRISPR-STOP gene is targetable if the first 20% of its coding sequence is targetable, which avoids the

production of truncated protein.12 (B) Percentage of i-Silence targetable genes are shownwhere the next ATG codon occurs in the beginning 3% of the sequence. (C) A Venn

diagram shows the summary of human coding genes that are (not) targetable by the i-STOP or i-Silence strategy. (D) The number of clinical human start codon mutation

cases is shown. The total and distinct PAM can be precisely mimicked with the i-Silence strategy.
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with a MEGAclear kit (Ambion) and recovered by alcohol precipita-
tion according to the manufacturer’s protocol. The RNAs were
aliquoted and stored at �80�C until use.
Mouse Zygote Microinjection

Female C57BL/6J mice (approximately 3 weeks old) were superovu-
lated by intraperitoneal (i.p.) injection with pregnant mare serum
(PMS) on day 1 and human chorionic gonadotropin (HCG) on day
3. Immediately after HCG injection, female mice were mated to male
C57BL/6J mice. Female mice were sacrificed the next day, and zygotes
were collected from the oviducts (E0.5). ABEmax mRNA (50 ng/mL)
and sgRNA (25 ng/mL) were mixed and injected into the cytoplasm
of zygotes. Injected zygotes were cultured in M16 medium (Sigma)
for in vitro analysis, or they were transferred into the oviducts of pseu-
dopregnant ICR female mice for offspring generation.
Genomic DNA Extraction

The genomic DNA of HEK293T or N2a cells was isolated using
QuickExtract DNA extraction solution (Lucigen) according to the
438 Molecular Therapy Vol. 28 No 2 February 2020
manufacturer’s protocols. Embryos were lysed, and the genomic
DNA was isolated and preamplified using commercial kits (N601,
Vazyme). Genomic DNA from the mouse tail and other organs was
extracted by a phenol-chloroform method.
Western Blot Analysis

HEK293T cells and homogenized mouse thymus and spleen were
lysed with radioimmunoprecipitation assay (RIPA) buffer supple-
mented with protein inhibitor. The protein was then separated by
SDS-PAGE and transferred onto a membrane. The membrane was
then blotted with corresponding primary and secondary anti-
bodies, and the images were captured with an Amersham Imager
600 (GE Healthcare). The antibodies were as follows: rabbit anti-
HDAC1 (sc-7872; Santa Cruz Biotechnology), rabbit anti-
SEC61B (15087-1-AP; Proteintech), rabbit anti-mouse PD-1
(18106-1-AP; Proteintech), mouse anti-GAPDH (G8795; Sigma),
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(AS014; ABclonal), and HRP-conjugated goat anti-mouse IgG
(AS003; ABclonal).
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Targeted Deep Sequencing

The on-target sites were amplified from genomic DNA using Super-Fi-
delity DNA polymerase (P505-d3, Vazyme) and the primers listed in
Table S4. The PCR products were purified and subjected to high-
throughput sequencing using an Illumina HiSeq X Ten (2� 150) plat-
formtoobtain at least 1million reads for eachDNAsample. The adaptor
pair from the pair-end reads was removed using AdapterRemoval
version 2.2, and pair-end read alignments of 11ormore baseswere com-
bined into a single consensus read. All processed reads were then map-
ped to the target sequences using the BWA-MEM algorithm (BWA
v0.7.16). For each target site, the mutation rate was calculated using
bam-readcountwith the following parameters:�q = 20,�b = 30. Indels
were calculated based on reads containing at least one inserted or deleted
nucleotide in the protospacer. Indel frequency was calculated as the
number of indel-containing reads/total mapped reads.

The potential off-target sites of i-Silence edited mice were predicted by
Cas-OFFinder (http://www.rgenome.net/cas-offinder/).18 The top 18
predicted potential off-target sites were analyzed with deep sequencing.
The primers used for deep sequencing are listed in Table S5, and the
potential off-target site information is provided in Table S6.

WGS Analysis

For the WGS, mouse tail genome DNA was isolated using a phenol-
chloroform method. WGS libraries were prepared using standard
protocols for the Illumina HiSeq X Ten platform at the Novogene
Bioinformatics Institute (Beijing, China). The resulting clean reads
were aligned to the reference mouse GRCm38 assembly with BWA
v0.7.16 using default parameters. After duplicated reads were
removed with Sambamba v0.6.7, the sequence was realigned by using
the Genome Analysis Toolkit (GATK v3.7) IndelRealigner. To iden-
tify variants, the GATK HaplotypeCaller was used with the following
parameters: (1) sequencing depth >1/3� and <3�; (2) variant confi-
dence/quality by depth >2; (3) root mean square (RMS) mapping
quality (MQ) >40.0; (4) Phred-scaled p value using Fisher’s exact
test to detect strand bias <60; (5) Z score from the Wilcoxon rank
sum test of Alt versus Ref read MQs (MQRankSum) greater than
�12.5; and (6) Z score from the Wilcoxon rank sum test of Alt versus
Ref read position bias (ReadPosRankSum) greater than �8. After
filtering out variants found in the dbSNP and in the wild-type
genome, potential off-target sites were predicted by CasOT-1.0,
considering up to a 2-bp mismatch in the seed region and a 5-bp
mismatch in the non-seed region with NGG PAM.

Statistical Analysis

The results were obtained from three independent experiments and
are presented as the mean ± SD. Statistical analyses and graphing
were carried out using GraphPad Prism 7.0. The p values were calcu-
lated with two-tailed Student’s t tests.

Data Availability

All of the deep sequencing data were deposited in National Omics
Data Encyclopedia (NODE) under the project accession no. NODE:
OEP000323. All other data are available upon reasonable request.
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