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Background: Many human genetic diseases arise from point mutations. These genetic diseases can theo-
retically be corrected through gene therapy. However, gene therapy in clinical application is still far from
mature. Nearly half of the pathogenic single-nucleotide polymorphisms (SNPs) are caused by G:C>A:T or
T:A>C:G base changes and the ideal approaches to correct these mutations are base editing. These
CRISPR-Cas9-mediated base editing does not leave any footprint in genome and does not require donor
DNA sequences for homologous recombination. These base editing methods have been successfully
applied to cultured mammalian cells with high precision and efficiency, but BE4 has not been confirmed
in mice. Animal models are important for dissecting pathogenic mechanism of human genetic diseases
and testing of base correction efficacy in vivo. Cytidine base editor BE4 is a newly developed version
of cytidine base editing system that converts cytidine (C) to uridine (U).
Results: In this study, BE4 system was tested in cells to inactivate GFP gene and in mice to introduce
single-base substitution that would lead to a stop codon in tyrosinase gene. High percentage albino
coat-colored mice were obtained from black coat-colored donor zygotes after pronuclei microinjection.
Sequencing results showed that expected base changes were obtained with high precision and efficiency
(56.25%). There are no off-targeting events identified in predicted potential off-target sites.
Conclusions: Results confirm BE4 system can work in vivo with high precision and efficacy, and has great
potentials in clinic to repair human genetic mutations.
How to cite: Adlat S, Hayel F, Yang P, et al. CRISPR-mediated base editing in mice using cytosine deam-
inase base editor 4. Electron J Biotechnol 2021;52. https://doi.org/10.1016/j.ejbt.2021.04.010
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Point mutations are the most common causes in human genetic
diseases and nearly 50% of disease-associated mutations are C>T
and G>A substitutions [1,2,3]. Animal modeling of human genetic
diseases are valuable in the study of pathogenic mechanism,
testing of drug efficacy and proof of gene therapy reliability.
CRISPR-Cas9 system is an adaptive immune system in bacteria that
protects its genome from invading viruses [4,5]. CRISPR-Cas9 sys-
tem has been successfully applied to genetic engineering in variety
of cells and organisms. Targeted insertion and mutation usually
require homologous recombination that is typically accomplished
through cultured embryonic stem cells (ES cells), selection for pos-
itive clones and ES cell/blastocyst injection. This process is time-
consuming and costly. CRISPR-Cas9 system has been applied to tar-
geted gene engineering but efficiency of targeted insertion and
base editing in vivo has been very low [6]. Homology-directed
repair (HDR) with CRISPR-Cas9 system requires DNA double-
strand breaks (DSBs) at the target and a DNA template with homol-
ogous arms [6,7,8,9]. Cells respond to DSBs and repair them often
with nonhomologous end joining (NHEJ) that may introduce inser-
tions or deletions (Indel formation) and lead to disruption of the
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corresponding genes [10,11]. DSBs repair pathway by NHEJ lowers
the efficiency of HDR as NHEJ is active during all stages of the cell
cycle whereas HDR is only active during S and G2 phase. In addi-
tion, HDR in cultured cells often requires selection marker to
remove the untransfected cells and to enrich the recombination
events. This is not applicable to in vivo base editing that would
not allow any selection makers. Therefore, higher in vivo editing
efficiency is required. Base editing does not generate DSBs and
reduces the possibility of indels. David Liu’s lab has developed
many versions of CRISPR-based base editing systems with improv-
ing accuracy and efficacy that eventually permit precise and effi-
cient base change in cultured cells.

CRISPR-Cas9-based cytidine base editors (CBEs) have recently
been developed to generate precise base changes from cytidine
to thymidine with high efficiency [1,12,13,14]. CBE system consists
of a CRISPR-Cas9-derived DNA-binding module, a cytidine deami-
nase and uracil glycosylase inhibitor (UGI). CBEs are able to intro-
duce nucleotide substitutions of C>T [15,16,17] and G>A [18]
without DSBs. It has been demonstrated successful in various cells
and some organisms [16].

Base editing systems have gone through various stages of
improvement to broaden their applicability in single nucleotide
editing in cell lines and has been tested in various animals and
plants [19,20,21,22,23]. The fourth generation of base editor
(BE4) is one of the most advanced systems in base editing with
high precision and efficiency in cultured mammalian cells. BE4
has a cytidine deaminase (rAPOBEC1) with two copies of UGI that
are directly fused to C terminus of Cas9 nickase (Cas9n), a Cas9
mutant with a D10A amino acid substitution, through a 32 amino
acid linker (Fig. 1A). BE4 enables direct conversion of cytidine (C)
to uridine (U) in chosen target [11]. In the study, we have experi-
mentally tested genes including Dip2a and Dip2c in cell culture
that are highly expressed in central neuron system and known to
be associated with autism and cancers [24,25] and Tyr gene that
determines the coat color in mice. We confirmed that BE4 system
is able to perform a multiplexed base editing with high precision
and efficiency in mice. BE4 system shows great potentials in mod-
eling human genetic diseases and for gene therapy.
2. Materials and methods

2.1. Animals

All mice and experimental protocols used in this project have
been approved by Institutional Animal Care and Use Committee
for Animal Experimental Ethics Committee of Northeast Normal
University (NENU/IACUC, AP2018011) and carried out in accor-
dance with recommendations in Guide for Care and Use of Labora-
tory Animals of National Institutes of Health as well. Mice were
bred and maintained under specific pathogen-free condition in ani-
mal facility with controlled temperature at 21 ± 1�C, 30–60%
humidity, 12:12 light/dark cycles and free access to food and
water.
2.2. Reagents

Chemicals and reagents. Fetal bovine serum (FBS) was pur-
chased from Hangzhou Sijiqing Biological Engineering Material,
Co., Ltd. (Beijing, China). Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from Gibco (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Opti-Mem medium, Lipofectamine, dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Dip2a and Dip2c antibodies were
purchased from Novus and Signalway Antibody, Inc. (USA).
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2.3. Plasmid construction and sgRNA design

Cas9 coding region of pX330 plasmid (Gifted from Dr. Feng
Zhang, Addgene accession no. 42230) was replaced with EGFP
cDNA (Fig. S1 A). EGFP sequence was PCR amplified from pEGFP-
N1 (Clontech cat# 6059-1) (Fig. S1 B) using following primers:
EGFP-F: 50-GGCCACCGGTGATCCACCGGTCGCCACCAT-30 (20b p)
and EGFP-R: 50-GGCCGAATTCTTACTTGTACAGCTCGTCCATG-30

(22 bp) with AgeI site at 50-end and EcoRI site at 30-end (AgeI
and EcoRI are shown by underline). PCR was performed at 94�C
for 4 min, 24 cycles of 94�C for 30 s, 56�C for 30 s, 72�C for
1 min and 72�C for 10 min. EGFP PCR products were digested with
AgeI and EcoRI (NEB) and inserted into AgeI and EcoRI sites of
pX330. Resultant pX330-sgRNA-EGFP plasmid (Fig. S1 A) was con-
firmed by sequencing. Oligos coding for sgRNA targets were syn-
thesized by Genewiz (Beijing, China), annealed at 95�C for 5 min
and ramped down to 25�C (�5�C/min) and then subcloned into
BbsI sites of pX330-sgRNA-EGFP. BE4 plasmid (Fig. 1A) was gifted
from David Liu lab (Addgene access no. 100802). The sgRNAs were
designed using online platform https://benchling.com/ and all
sgRNAs oligos are listed in Table S1.

2.4. Cell culture and EGFP stable expression

Human embryonic kidney (HEK293) cells were from American
Type Culture Collection (ATCC CRL-1573, Manassas, USA) and cul-
tured in Dulbecco’s modified Eagle’s Medium (DMEM, Sigma) sup-
plemented with fetal bovine serum (10%) and penicillin/
streptomycin (Gibco, Life Technologies). Cells were maintained at
37�C and 5% CO2 in a humidified incubator. To stably express EGFP
in HEK293, cells were seeded in 12-well plates with 1 ml of DMEM.
When cells reached 60–80% confluency, medium was replaced
with Opti-MEM (Gibco, Life Technologies). Then plasmids were
transfected into the cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. One lg of pEGFP-N1
was transfected with 2 lL Lipofectamine 2000. Medium was
replaced with fresh DMEM medium with serum 6 h after transfec-
tion. 48 h later, cells were treated with G418 (500 lg/mL, Sigma)
for 15 d with medium changed every 3 d. Colonies were picked into
96 wells and expanded into 6-well plates before genomic DNA
extraction, PCR amplification, and sequencing. Base editing fre-
quencies were calculated by dividing the number of mutants by
the total number of sequencing.

2.5. Plasmid transfection

SgRNA oligos (Table S1) were annealed and cloned into pX330-
sgRNA-EGFP plasmid. HEK293 and B160F10 cells were transfected
according to the manufacturer’s protocols (Invitrogen, Cat. No.
11668-027). In brief, HEK293 and murine B16-F10 cells were
seeded on 12-well plates in 1 ml of DMEM. When cells reached
60–80% confluency, mediumwas changed to Opti-MEM. Cells were
then transfected with Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. One lg pX330-sgRNA-EGFP and
2 lg BE4 plasmids were mixed with 2 lL Lipofectamine 2000.
Six hours later, mediumwas replaced with fresh DMEM. Cells were
then subjected to G418 treatment as described above.

2.6. Oocyte/DNA microinjection and oviduct transfer

Six-week old F1 female mice (B6D2F1) were obtained from
mating of C57BL/6 andDBA2. Mice were superovulated with
10 IU of pregnant mare’s serum gonadotropin (Ningbo Hormone
Products CO., Ltd, Ningbo, Zhengjiang, China) and followed by
5 IU of human chorionic gonadotropin (Ningbo Hormone Products
CO., Ltd, Ningbo, Zhengjiang, China) 48 h later. Superovulated

https://benchling.com/


Fig. 1. Evaluating of BE4 activity in cells. (A) Architecture of cytosine base editor 4 (BE4), contains Cas9n fused to uracil glycosylase inhibitor domains (UGI) and cytidine
deaminase. (B) Fluorescent imaging of transfected HEK293 cell stably expressing EGFP. Scale bar, 100 lm. (C) Base change in EGFP shown by sequencing. (D) Percentage of
cells with GFP signal in B (E) Premature stop codon targeting of Dip2a and Dip2c genes in B16 cells. Protospacer Adjacent Motif (PAM) sequences labeled in green, wild type
base in blue, mutated base in red and stop codon underlined. (F) Western blot analysis. b-actin served as a loading control. (G) Efficiency of C>T base editing. P-value was
determined by t-test. *P < 0.05, ***P < 0.001.
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B6D2F1 females were crossed with B6D2F1 males. Fertilized eggs
at pronucleus stage were collected in M2 medium. Mixtures of
pTyr-gRNAs (2.35 ng/ll) and BE4 plasmids (2.64 ng/ll) were
injected into the nucleus in a droplet of M2 medium using inverted
microscope equipped with a pair of micromanipulators (Olympus,
Tokyo, Japan). Then the injected embryos were incubated in M16
culture medium at 37�C, 6% CO2 overnight, followed by transfer
into the oviduct of a recipient mother at two-cell stage.

2.7. Genomic DNA extraction and genotyping

Genomic DNA was extracted from mouse tail tips using G-NTK
lysis buffer [26] and proteinase K (1 mg/ml) (Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) at 55�C overnight.
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Proteinase K was deactivated at 95�C for 15 min and PCR was per-
formed in 25 ll reaction volume with diluted tail DNA and geno-
typing primers (Table S2). PCR master mix was as follows: 1.2 ll
of each primer (10 lM), 16.4 ll of ddH2O, 1.5 ll of 25 mM MgCl2,
2.5 ll of 10X PCR buffer, 0.5 ll of 10 mM dNTP Mix and 0.25 ll of
Taq DNA Polymerase. The PCR conditions were as follows: 95�C for
5 min, 32 cycles of 95�C 30 s, 58�C 30 s and 72�C 30 s, and 72�C
10 min using PCR machine by Bio-Rad, Hercules, CA, USA.

2.8. RNA extraction

One ml RNAiso plus reagent (Takara, Dalian, China) was added
to cells on 100 mm Petri dish. Cell lysates were collected and incu-
bated at room temperature for 5 min. Cells were then centrifuged



Fig. 2. BE4 mediated C>T base editing in mice. (A) Schematic of sgRNA design at Tyr locus. (B) Working model of base editing in mice. (C) Schematic depiction of BE4 base
editing. The architecture of BE4 is containing Cas9 nickase fused to cytidine deaminase and two copies of uracil glycosylase inhibitor domains (2xUGI) for additional product
purity. (D) Coat color of 8 day old Tyr mutant founders with mosaic pigmentation. (E) Chromatograms of WT and mutant sequences showing C>T substitution.
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at 13,500� g for 5 min at 4�C. A 200 lL of CHCl3 was added, fol-
lowed by 30 s mixing and 5 min incubation at RT, samples were
centrifuged at 13500� g for 15 min at 4�C to separate RNA into
aqueous phase. Aqueous phase (about 600 ll) was transferred to
a new tube and RNA was precipitated with 750 lL of absolute iso-
propanol at RT for 10 min and then centrifuged at 13,500� g for
10 min at 4�C. Precipitate was washed with 1 mL 70% ethanol, fol-
lowed by centrifugation at 13,500� g for 5 min at 4�C. RNA pellet
was resuspended in 50 lL of DEPC-treated water. RNA concentra-
tions were determined using NanoDrop 2000 (Thermo Fisher Sci-
entific, USA). RNA integrity was checked on 0.8% agarose gel.

2.9. Quantitative real time PCR (qPCR)

One lg of total RNA was reverse-transcribed into first-strand
complementary DNA (cDNA) with Prime Script RT Reagent Kit
(Perfect Real Time, TaKaRa, Dalian, China) according to the manu-
facturer’s instructions. Real-time PCR was performed with 50 ng of
cDNA using One-Step SYBR PrimeScriptTM RT-PCR kit (Takara,
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Dalian, China). All reactions were performed in triplicate. All pri-
mers were initially evaluated for efficiency using relative standard
curve and electrophoresis on gel. Primer sequences are listed in
Table S3.

2.10. Mutation screening by sequencing

Purified PCR products were extracted using gel extraction kit
(Qiagen, Germany) and cloned into pMD18-T plasmid (TaKaRa,
Dalian, China). Positive clones were sequenced in two directions
utilizing M13 forward and reverse primers. Mutations were identi-
fied by alignment to wild-type sequences.

2.11. Western blot

Total proteins were extracted using RIPA buffer (0.5% Nonidet
P-40, 0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-Cl,
pH 7.5 and 1x protease inhibitor cocktail). Cell lysates were sub-
jected to high-speed centrifugation at 12,000� g for 15 min at
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4�C. Protein concentrations were measured using Coomassie (Brad-
ford) protein assay kit. Total soluble proteins were then separated
on 10% SDS-PAGE and transferred into polyvinylidene difluoride
membrane (Millipore, Billerica, MA). Membrane was blocked with
5% nonfat dry milk for 1 h followed by incubation with diluted the
primary antibodies (b-actin, 1:2000, Signalway antibody; Dip2a,
1:500, Novus; Dip2c, 1:1000, Abcam) for overnight at 4�C. Then
the membrane was washed in TBST for three times, 5 min each
and then incubated with secondary antibody (anti-rabbit horserad-
ish peroxidase conjugate, 1:5000; anti-mouse horseradish peroxi-
dase conjugate, 1:5000; Transgene) for 30 min, followed by
washing three times with TBST. Signals were detected using
enhanced chemiluminescence AmershamTM ECLTM (GE Healthcare,
USA) reagents. b-actin protein served as a loading control.

2.12. Off-target detection

Eight potential off-target sites (POTs) were identified according
to an online design tool (https://benchling.com/). Selected POTs
(Table 2) were amplified by PCR and sequenced. Sequences were
compared with wild-type. All primers used for off-target assay
are listed in Table 3.

2.13. Statistical analysis

Statistical analyses and graphics were performed with Graph-
Pad Prism 5.01 (GraphPad Software Inc.) and SPSS software version
25.0 (IBM Inc., New York, USA). Parametric unpaired Student’s t
test was used to assess difference between the groups. P-values
were two-sided; a P-value <0.05 was considered statistically
significant.
Fig. 3. Mice genotyping by genomic PCR and sequencing. (A) Sequences of Tyr gene targe
and orange. (B) Genomic PCR of target regions of founders 1–16 (F0). (C) Frequencies of
region. Red arrow shows the base change.
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3. Results and discussion

3.1. Testing sgRNAs in HEK293 cells

To test whether BE4 system works in our hands, we first trans-
fected HEK293 cells stably expressing EGFP with BE4 and pEGFP-
sgRNAs plasmids to inactivate the GFP by generating STOP codon
(Fig. 1A). HEK293 cells stably expressing EGFP were generated by
transfection of plasmid pEGFP-N1. EGFP expression was checked
under a fluorescence microscope. Result showed up to 90% of cells
with fluorescence (Fig. 1B). Positive clones expressing EGFP
(HEK293-EGFP) were selected using G418 (500 lg/mL). Two
sgRNAs were designed to target EGFP gene (Fig. 1C, Table S1).
The specificity score of both sgRNA-1 and sgRNA-2 were 75%,
and 83%, respectively, based on software analysis (https://bench-
ling.com/). HEK293-EGFP cells were co-transfected with BE4 and
plasmids encoding sgRNAs (pEGFP-sgRNA1 and pEGFP-sgRNA2).
Two days after transfection, EGFP fluorescence intensity was ana-
lyzed by fluorescence microscopy (Fig. 1B). Majority of cells trans-
fected with pEGFP-sgRNA1 still express relatively high levels of
EGFP (64%), while cells transfected with pEGFP-sgRNA2 exhibited
weak signal with an intensity of 36%, indicating EGFP was knocked
down more efficiently (Fig. 1B, D).
3.2. Knockout of Dip2a and Dip2c genes in tumor cells using BE4

Next, BE4 systemwas analyzed in murine tumor cell B16-F10 to
inactivate the Dip2a and Dip2c genes by generating STOP codon.
Dip2a and Dip2c genes were each targeted with two sgRNAs
(Fig. 1E, Table S1). Base substitutions were screened by genomic
PCR amplification, DNA sequencing and western blotting.
t region in exon 1. SgRNA target sequence in blue and PCR primer sequences in green
C>T base editing. (E) Chromatograms showing sequencing signals of PCR amplified
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pDip2a-sgRNA-1 transfection results showed Q54Z mutation with
an efficiency of 22% while pDip2c-sgRNA-1 showed mutations
S72F and R73Z with a total efficiency of 33%. Knockout of Dip2a
and Dip2c proteins using sgRNAs-1 are shown in Fig. 1 E–G,
Fig. S2, Fig. S3. Similarly, pDip2a-sgRNA-2 and pDip2c-sgRNA-2
were transfected together with BE4 plasmid. Both pDip2a-
sgRNA-2 and pDip2c-sgRNA-2 appeared to work more efficiently
and induced 40% and 43% mutations at targeted sites, respectively
(Fig. 1E–G, Fig. S4, Fig. S5). Expression of Dip2a and Dip2c genes
from WT and mutated clones is shown in Fig. S6.

3.3. BE4 can induce C>T substitution in mice

To explore whether BE4 system can induce site-specific base
conversion in mice, sgRNAs targeting exon 1 of Tyr locus were
designed to inactivate tyrosinase gene (Fig. 2A). Target sequences
were synthesized and cloned into pX330-sgRNA-EGFP to express
both sgRNA and EGFP. pTyr-sgRNA (2.35 ng/ll) and BE4 plasmid
(2.65 ng/ll) were co-injected into nucleus of B6/D2F1 mouse
zygotes and transplanted into surrogate mothers at two-cell stage
(Fig. 2B). pTyr-sgRNA/BE4 schematic depiction is shown in Fig. 2C.
A total of 16 live pups were obtained (Fig. 2D, E). Mice were geno-
Table 3
Primers list of potential off-target sites.

Off-target Primer Sequences (50-30)

OT-1 Forward: 50-CTCTACAGCTTGGCTCCTAAAC-3
Reverse: 50-GGTGGATTGCTCCAGAAAGA-30

OT-2 Forward: 50-GCTCAGCCTGCTCTCTTATAG-30

Reverse: 50-CAATATAGCCATGTATAGCCATG
OT-3 Forward: 50-AAACACGTTCCTAGAGGAGAAA

Reverse: 50-GTGTGTGATCAAAGAAGAGGATA
OT-4 Forward: 50-GCCTGACAATATCTGCCTAACA-

Reverse: 50-GGGAGATCCAGAAAGCAAAGA-3
OT-5 Forward: 50-TTCTTTGTTTGCCTGGGTTTATC-

Reverse: 50-TTATGGGTGCTTGACTCCTTAC-3
OT-6 Forward: 50-ATGCCGTCAATGCCAGTAAG-30

Reverse: 50-GCACTTGGGAGGTTAGAGTAGA-
OT-7 Forward: 50-TGGGAATGTACCTCAGTGTTAG-

Reverse: 50-CGGATGTCTCATATCCCTTCTC-3
OT-8 Forward: 50-CACAAACACCCTAGGATAGCTAA

Reverse: 50-GGCCAAAGTCTCTGAAGGTAAA-

Table 2
List of potential off-target sites.

Off-target Sequence (50-30) PAM Score

OT-1 GAGACTTGAGAACTAACTGT TAG 1.514492754
OT-2 TTAGATTAGAGAACTAACTG AGG 1.490585774
OT-3 TGAACTTTGCGAACTAACTG AAG 1.45825
OT-4 AGAAATTGGAGAATTAACTG GAG 0.996830986
OT-5 GGAGTTTCCAGAACTAACTG GAG 0.92625
OT-6 ATATCTTCAAGAACTAACTG TGG 0.903189834
OT-7 GGAATTTAGAGAACTAACTT TAG 0.900340909
OT8 AGAAATTGTAGAACTAACTC AAG 0.853783

Table 1
Summary of the constructs, number of zygotes, and mutant mice obtained after BE4 and

Construct Concentration No. of
injected
zygotes

No. of
transferred
zygotes (%)a

No. of
newborn
mice (%)a

No.
mic

BE4 2.64 ng/ml 70 21 (30%) 16 (76.1%) 16
Tyr-sgRNA 2.35 ng/ml

a Calculated from the number of zygotes.
b Calculated from the number of living mice.
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typed by genomic PCR using Tyr primers (): (Fig. 3A, B). PCR prod-
ucts were purified and sequenced to verify targeted point
mutations (Fig. 3C, E). Results revealed that successful C>T transi-
tion with high efficiency was achieved. A total of 10 mice (62.5%)
showed point mutations with C>T and C>A base conversion
(Fig. 3D, 3E, Table 1). Mutations occurred at high efficiency at
13–15 bp upstream of PAM (Fig. S7). The editing frequencies of
nonsense mutations in Tyr locus with expected amino-acid conver-
sion from arginine to a stop codon (R224Z) were 56.25% (9 out of
16) (Fig. 3E, Table 1). These mutations resulted in a mosaic pig-
mentation phenotype. Some C>T substitution happened at two-
cell stage or later after microinjection. Several founders exhibited
obvious mosaicism (31%) phenomenon with a combination of
non-mutant and mutant cells and a combination of homozygous
and heterozygous cells. The mosaicism rate is lower than reported
by Yen et al. [27] (68%), Sung et al. [28] (67%) and Zuo et al. [29]
(77%). Founders 1#, 3# and #5 were homozygous for nonsense
mutation at targeted site with a conversion rate of 18.75%. Foun-
ders 2#, #4, #6, #11, #13 and #15 showed heterozygous mutation
with a frequency of 37.5%. Founders #7, #8, #9, #10, #14 and #16
were mostly wild-type alleles with a frequency of 37.5%. Mean-
while, C>A substitutions in founders #12 without amino acid
Amplicon (bp) Annealing
temperature (�C)

0 243 57

420 57
G-30

G-30 428 57
TTG-30

30 318 57
0

30 495 57
0

398 57
30

30 501 57
0

A-30 349 57
30

Mismatch numbers Chromosome Strand Position

3 chr2 1 116898149
4 chr15 1 20069149
4 chr19 1 43539711
2 chr7 1 74559357
4 chr8 �1 46869033
4 chr10 �1 103189990
4 chr4 �1 24595654
3 chr9 �1 100154656

Tyr sgRNA microinjection.

of living
e (%)a

Frequency
substitution
(%)b

Frequency of
desired substitution
(%)b

Error rate
(%)b

Percentage of
success (%)b

(76.1%) 10 (62.5%) 9 (56.25%) 1 (6.25%) 9 (56.25%)
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change was observed with a frequency of 6.25%. No indels were
detected at target site (Fig. 3E). No off-target mutations were
detected at potential off-target sites (Fig. S8). All results suggest
that BE4 system is precise and efficient in introducing single point
mutations into mouse genome, consistent with that single base
substitution provides a secure approach to generate knockout ani-
mal models with minimum change of genome structure, mimick-
ing most of the genetic diseases [23,30,31]. Lee et al. [32] have
tested different versions of CBEs and find that BE4 system resulted
in high frequency of anticipated C>T conversion but they tested the
system only in embryos. In another study, Yuan et al. [33] used dif-
ferent versions of CBEs termed ‘‘AncBE4max and BE4-Gam”. They
showed success in generation of edited blastocyst and porcine
fibroblasts. We achieved single-base substitution at target sites
with efficiency of (56.25%) in mouse embryos. This study demon-
strates the great values of BE4 editing in human disease modeling
and correction of point mutations in future gene therapy.
4. Conclusion

In summary, this study has tested BE4 plasmid along with
sgRNA expression plasmid in cell culture and applied to animal
model by transgenic microinjection. We designed a precise base
editing method to knockout tyrosinase gene and results in loss-
of-pigmentation (Albinism). A high percentage of albino offspring
was seen. C>T conversions have occurred exclusively within the
approximate editing window of protospacers (positions ~ 4–8).
BE-mediated STOP-codon generation disrupts gene function by
converting C to T in coding sequences (CAG, CAA, CGA). Our study
proves that BE4 system is highly efficient and precise, a powerful
tool for generating disease models and correction of point muta-
tions in future gene therapy.
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