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Efficient base editing for multiple genes and loci
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Cytosine base editors (CBEs) enable programmable C-to-T conversion without DNA double-

stranded breaks and homology-directed repair in a variety of organisms, which exhibit great

potential for agricultural and biomedical applications. However, all reported cases only

involved C-to-T substitution at a single targeted genomic site. Whether C-to-T substitution is

effective in multiple sites/loci has not been verified in large animals. Here, by using pigs, an

important animal for agriculture and biomedicine, as the subjective animal, we showed that

CBEs could efficiently induce C-to-T conversions at multiple sites/loci with the combination

of three genes, including DMD, TYR, and LMNA, or RAG1, RAG2, and IL2RG, simultaneously, at

the embryonic and cellular levels. CBEs also could disrupt genes (pol gene of porcine

endogenous retrovirus) with dozens of copies by introducing multiple premature stop

codons. With the CBEs, pigs carrying single gene or multiple gene point mutations were

generated through embryo injection or nuclear transfer approach.
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Precise point mutation in the genome of an organism has
great potential for agricultural and biomedical applications.
Traditional methods precisely introduce or correct genetic

point mutations by CRISPR-Cas9 and CRISPR-Cpf1 through the
homology-directed repair (HDR) pathway requiring DNA
double-strand breaks (DSBs) and exogenous donor DNA tem-
plates1–4. However, DSBs could create large deletion, complex
genomic rearrangement, and targeted chromosome elimination
when targeting several genomic loci simultaneously5–7, which
might lead to excessive DNA damage and cell death. In addition,
HDR occurs infrequently (typically ~0.1–5%)8, especially in non-
dividing cells, thus impeding the use of HDR for precise genome
editing in many species.

The newly developed base editors (BEs)8–10 efficiently enable
precise and highly predictable nucleotide substitutions (C-to-T or
A-to-G conversion) at targeted genomic loci, independent of
DSBs and donor templates. Thus, these BEs have great potential
applications for both agriculture and biomedicine. To date,
cytosine base editors (CBEs) have been successfully applied in
plants (such as Arabidopsis, rice, wheat, and maize)11,12, mam-
mals (such as mice13–16, rats17, and rabbits18), and human
cells19–21 and embryos22–24. Many traits in agriculture are caused
by multiple SNPs, and many genetic diseases in biomedicine arise
from point mutations in multiple sites. Therefore, base editing of
a genome in multiple sites is necessary to achieve favorable traits
in agriculture, to establish human disease animal models, and to
treat human hereditary diseases. However, all the reported cases
only involved C-to-T substitution at a single targeted genomic site
by using a single sgRNA. Whether C-to-T substitution is effective
in base gene editing for multiple sites of a genome of large ani-
mals has not been verified.

In this study, we test the multiplexed base editing efficiency of
BE3 (rAPOBEC1-XTEN-nCas9-UGI) and hA3A-BE3 (hAPO-
BEC3A-XTEN-nCas9-UGI) in pig, which is an important animal
for both agriculture and biomedicine. We first confirm that the
BE3 system was able to generate multiplexed base editing effi-
ciently in embryonic and cellular levels. We also realize multiple
copy base editing with a single sgRNA for porcine endogenous
retrovirus (PERV) in porcine embryos and fibroblasts. Further-
more, with the CBE system, we achieve gene editing in pigs with
single gene point mutation as well as multiple gene point muta-
tions through either embryo injection or somatic cell nuclear
transfer (SCNT) approach.

Results
Efficient base editing for multiple sites in porcine embryos. To
confirm whether base editing for multiple sites can be achieved by
BE3 in the genome of porcine embryos (Fig. 1a), we selected six
porcine genes, namely, DMD, TYR, LMNA, RAG1, RAG2, and
IL2RG, which encode dystrophin, tyrosinase, lamin A/C, RAG1
protein, RAG2 protein, and IL-2 receptor gamma chain, respec-
tively, as the target sites (Fig. 1b). Premature stop codons
(Q493STOP and Q28STOP) would be generated by a single C-to-
T conversion at the target sites in DMD and TYR, which are
expected to result in Duchenne muscular dystrophy (DMD) and
albinism, respectively. For LMNA, C-to-T conversion (a synon-
ymous mutation, G608G) at the target site would create a cryptic
splice donor site that produces a truncated splicing mutant of
lamin A/C protein, termed “progerin”, resulting in Hutchinson-
Gilford Progeria Syndrome (HGPS)25. For RAG1, RAG2, and
IL2RG, premature stop codons are expected to be generated due
to C-to-T conversion. Mutations in RAG1 or RAG2 would result
in the complete absence of B and T cells26, and IL2RG mutations
lead to the absence or profound depletion of T and natural killer
(NK) cells without affecting the number of B cells27. RAG1-,

RAG2-, and IL2RG-deficient pigs would lack B cells, T cells, and
NK cells (B/T/NK cells). In vitro transcribed DTL (DMD-sgRNA,
TYR-sgRNA, and LMNA-sgRNA) or R12I (RAG1-sgRNA, RAG2-
sgRNA, and IL2RG-sgRNA) with BE3 mRNAs (150 ng/μL) were
co-injected together into 100 porcine parthenogenetically acti-
vated (PA) oocytes, which were conveniently available by in vitro
matured oocytes derived from the ovary of slaughtered pigs. The
injected PA embryos were cultured for 6 days post-
parthenogenetic activation until blastocyst formation. The blas-
tocyst rate of embryos injected with BE3 mRNA and DTL or R12I
was 24% (24/100) and 25% (25/100) (Fig. 1e), respectively, which
is consistent with the blastocyst rate of the embryos injected with
water (24%, 24/100), indicating that BE3 and sgRNAs did not
affect the early development of porcine embryo. A single blas-
tocyst was lysed individually for genotyping by Sanger sequen-
cing. Targeted point mutations were observed in 18 out of 24
(75%) embryos for DTL and 14 out of 22 (63.6%) embryos for
R12I at target sites. Of these screened blastocysts, 12 for DTL
(50%, 12/24) and 8 for R12I (36.4%, 8/22) were identified to have
C-to-T mutations in three genes (Fig. 1c–e; Supplementary
Fig. 1), four for DTL (16.7%, 4/24), and five for R12I (22.7%, 5/
22) showed double-gene base editing (one for DMD and TYR,
three for DMD and LMNA, one for RAG1 and RAG2, two for
RAG1 and IL2RG, and two for RAG2 and IL2RG), two for DTL
(8.3%, 2/24) and one for R12I (4.5%, 1/22) showed single-gene
base editing (one for TYR, one for LMNA, and one for IL2RG)
(Fig. 1e). In addition to the specific conversion of C-to-T muta-
tion, a few C-to-A substitutions were also found at expected
positions of TYR-sgRNA (Fig. 1c; Supplementary Fig. 1a). In
some embryos, C-to-T conversions occurred not only at positions
4–8 but also at position 13 for TYR-sgRNA, position 11 for
LMNA-sgRNA, position 9 for RAG1-sgRNA, position 3 for
RAG2-sgRNA, and positions 3, 9, and 10 for IL2RG-sgRNA,
which would lead to the corresponding amino acid changes
(S30L, S610F, S62F, S2L, V154V, L156L, and Q157STOP,
respectively) (Fig. 1c, d; Supplementary Fig. 1a, b).

Recently, a new member of CBEs, hA3A-BE3, has been
harnessed for base editing the genomes of mammalian cells and
plants with improved efficiency and specificity28–30. We also
tested multiple base editing capacity of hA3A-BE3 in pig
embryos. As in BE3, DTL and R12I were used to evaluate the
hA3A-BE3 system in porcine embryos. As shown in Supplemen-
tary Fig. 2a–e, 50% embryos for DTL (5/10) and 41.7% embryos
for R12I (5/12) harbored C-to-T mutations at target sites of all
three genes, which were comparable with those of the BE3 system
(50% for DTL and 36.4% for R12I).

Some genes, such as pol gene of porcine endogenous retrovirus,
which is a critical safety concern for xenotransplantation of pig
organ to human, have multiple copies in the genome31. Induction
of stop codons by BE3 could impede virus replication, possibly
providing a new strategy to reduce PERV transmission. A sgRNA
targeting the highly conserved catalytic center of the pol gene on
PERVs was designed (Fig. 1f). Similarly, in vitro transcribed
BE3 mRNA and pol-sgRNA were co-injected into the 100 PA
embryos. At 6 days after in vitro culture, 20 blastocysts
were harvested and genotyped by Sanger sequencing. As shown
in Fig. 1g, h, and Supplementary Fig. 3a, b, all embryos harbored
C-to-T conversions specifically at position 4 at frequencies
ranging from 29.5% to 78.9%. Consequently, Q148STOP
amino acid conversions occurred over all embryos. In addition,
C-to-G conversion at position 4 was found in all embryos,
with efficiencies ranging from 11.8% to 46.8% (Supplementary
Fig. 3a, b). These results demonstrated that BE3 can simulta-
neously mediate the C-to-T conversion of several genes or a
single gene with multiple copies with high efficiency in porcine
embryos.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10421-8

2 NATURE COMMUNICATIONS |         (2019) 10:2852 | https://doi.org/10.1038/s41467-019-10421-8 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


Base editing at multiple loci in porcine somatic cells. We next
investigated whether BE3 could generate C-to-T conversions in
multiple genes or multicopy genes simultaneously in porcine
somatic cells. Six sgRNA candidates targeting exons of porcine

DMD, TYR, LMNA, RAG1, RAG2, and IL2RG genes were syn-
thesized and cloned into the BbsI-digested U6-sgRNA cloning
vector (Fig. 1b). The mixed sgRNAs DTL (DMD-, TYR-, and
LMNA-sgRNA) or R12I (RAG1-, RAG2-, and IL2RG-sgRNA)
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were co-transfected with BE3-expressing vectors into the porcine
fetal fibroblasts (PFFs), which were then cultured in 10-cm dishes
at a seeding density of 5 cells/cm2 to form single-cell colonies.
After 10–14 days of G418 selection, single-cell colonies were
obtained and genotyped by Sanger sequencing. Sequencing results
are summarized in Supplementary Data 1 and 2. For DTL, 26
single-cell colonies (25.2%, 26/103) showed C-to-T substitution of
all three genes (Fig. 2a; Supplementary Fig. 4a), 18 (17.5%, 18/
103, three for DMD and TYR, six for TYR and LMNA, and nine
for DMD and LMNA) showed double-gene base editing, and 12
(seven for DMD, three for TYR, and two2 for LMNA) showed
single-gene base editing (Fig. 2c). For R12I, three single-cell
colonies (1.5%, 3/204) with C-to-T substitution of all three genes
(Fig. 2b; Supplementary Fig. 4b), 18 (8.8%, 18/204, 15 for RAG1
and RAG2, 1 for RAG1 and IL2RG, and 2 for RAG2 and IL2RG)
with double-gene base editing, and 56 (12 for RAG1 and 44 for
RAG2) with single-gene base editing were identified (Fig. 2c).
Specific C-to-T substitutions occurred within the canonical BE3
editing window (positions 4–8) as expected. As shown in Fig. 2b
and Supplementary Fig. 4b, unwanted C-to-T substitutions at
position 3 for RAG2-sgRNA and positions 3, 9, and 10 for IL2RG-
sgRNA were observed, leading to the corresponding amino acid
changes (S2L, V154V, L156L, and Q157STOP, respectively).
Furthermore, unwanted C-to-A substitutions at position 8 for
RAG2-sgRNA were observed in cell colony R12I-C22, resulting in
an aminoacid change (Q4K). Thus, BE3 can efficiently induce C-
to-T substitution in three different genes of porcine somatic cells
in one step. We also tested the multiple base editing capacity of
hA3A-BE3 in porcine cell level. As in BE3, DTL and R12I were
used for evaluation of hA3A-BE3 in porcine fibroblasts. Base
editing at target sites of all three genes occurred in the genomes of
55% single-cell colonies for DTL (11/20) and 40% for R12I (8/40),
which was higher than BE3-mediated multiplex base edit-
ing (25.2% for DTL and 1.5% for R12I) (Supplementary
Fig. 5a–e).

The BE3- and pol-sgRNA-expressing vectors were co-
transfected into Bama-PFFs to induce the same premature stop
codon into multiple copies of pol gene. Previous reports identified
25 copies of functional PERVs in the Bama-mini pigs32. In this
study, we analyzed 155 single-cell-derived colonies by PCR and
Sanger sequencing to confirm the C-to-T conversion. Sequencing
results showed that 59 colonies (38.1%, 59/155) were confirmed
to have C-to-T base editing at position 4 of pol-sgRNA. The copy
number of PERV in 40 colonies (25.8%, 40/155) was reduced by
more than half (Supplementary Fig. 6c). The 30# and 87# cell
colonies (Supplementary Fig. 6a) were further subjected to high-
throughput deep sequencing, and the frequencies of base
substitutions were calculated. The C-to-T conversions occurred
on 84.9% of targeted Colonies for 30# colony and 84.0% for 87#
colony (Fig. 2d–f; Supplementary Fig. 6b), indicating that the
copy number of PERV reduced by around 85% in both cell
colonies. In addition, C-to-G substitutions were observed in 30#
and 87# colonies with efficiencies of 2.0% and 2.4%, respectively
(Fig. 2d–f; Supplementary Fig. 6b).

Generation of LMNAG608G pig via zygote injection. Although
single-cell colonies harboring desired LMNAG608G mutation were
effectively obtained (41.7%, 43/103) when using BE3 and LMNA-
sgRNA (Fig. 2c), these colonies exhibited premature senescence
phenotypes and were unsuitable for use as nuclear donor for
SCNT (Supplementary Fig. 7). Therefore, we investigated whether
the LMNAG608G mutation pig model could be generated by using
embryo injection of base editors. In vitro-transcribed BE3 mRNA
and LMNA-sgRNA were co-injected into the cytoplasm of one-
cell stage zygotes from four Large White sows. Forty-six injected
porcine zygotes were then transferred into two surrogate Large
White sows. A total of nine piglets (five male and four female, one
stillborn and eight liveborn) were born at term from one pregnant
surrogate (Fig. 3a, b). Genotype analysis showed that eight piglets
(88.9%, 8/9) harbored C-to-T mutation (Fig. 3c, d; Supplemen-
tary Fig. 8). For 357-2, 357-3, 357-4, and 357-7 (44.4%, 4/9),
undesired indels (1 bp or 12 bp deletion) were also found at target
sites with the efficiency of 44%, 15%, 3%, and 28%, respectively
(Fig. 3c; Supplementary Fig. 8). Targeted deep sequencing results
showed that 13%-100% site-specific C-to-T mutations were
achieved at LMNA c.1824C site for piglet 357-1, 357-2, 357-3,
357-5, 357-6, 357-7, 357-8, and 357-9 (Fig. 3c–e). Notably, piglet
357-8 harbored homozygous c.1824C-to-T mutations, but
unfortunately died within 2 days (Fig. 3c–e). The heart, liver,
spleen, lung, and kidney of piglet 357-8 were collected, and
Sanger sequencing results showed that homozygous c.1824C-to-
T mutations were observed in all these tissues (Supplementary
Fig. 9). These results showed that pig models carrying C-to-T
substitutions can be generated efficiently by direct injection of
zygotes with BE3 system.

Examining the potential off-target (POT) effects is important
to evaluate a new genome-editing tool. We computationally
predicted POT sites using Cas-OFFinder (http://www.rgenome.
net/cas-offinder/)33. Sanger sequencing analysis of seven POT
sites showed that one off-target mutation (OT3) was found in
eight (88.9%, 8/9) base-edited piglets (Supplementary Fig. 10),
which are consistent with recent reports showing that CBEs can
induce genome-wide off-target mutations in mammals34 and
plants35.

To test whether LMNAG608G mutation could cause aberrant
mRNA splicing, total RNAs from the ear tissues were extracted.
RT-PCR and Sanger sequencing analysis showed that ear tissues
from all LMNAG608G piglets expressed a smaller mRNA with a
150-nucleotide deletion (Fig. 3f, g). Western blot analysis of the
heart, liver, spleen, lung, and kidney tissues of piglet 357-8
demonstrated the presence of progerin, a truncated splicing
mutant of lamin A, in the tissues of LMNAG608G mutation piglets
but not in wild-type (WT) tissues (Fig. 3h). These results
demonstrated that LMNAG608G mutation piglets, consistent with
human HGPS patients, can express progerin mRNA and protein.

Generation of base editing pigs via SCNT. DMD heterozygous
female pig could grow normally. Mating DMD−/+ female pigs
with DMD+/Y could generate DMD knockout pig model with

Fig. 1 The BE3 system can simultaneously induce C-to-T base editing at multiple genes/loci of porcine embryos. a Schematic of BE3-mediated C-to-T base
editing. b Target-site sequences of DMD-, TYR-, LMNA-, RAG1-, RAG2-, IL2RG-, and pol-sgRNA. Target sequence (black), protospacer adjacent motif (PAM)
region (green), target sites (red), and mutant amino acid (underlined). WT wild-type. c Sanger sequencing results of embryo-4# and 11# injected with
DMD-sgRNA, TYR-sgRNA, and LMNA-sgRNA. The red box shows the successful C-to-T substitutions at target sites. d Sanger sequencing results of
embryo-3# and 17# injected with RAG1-sgRNA, RAG2-sgRNA, and IL2RG-sgRNA. e Summary of multiple sites base editing by BE3 in porcine embryos.
f Schematic of the PERV gene structure. One sgRNA targeting the catalytic region of the PERV pol gene was designed. The codon to be modified is
underlined. The targeting sequence is in red and the PAM region is in green. g Representative sequence chromatogram of the target site of the pol gene
from injected embryos 6#. Red box shows the successful C-to-T substitutions at target sites. h Nucleotide substitution frequencies mediated by BE3 and
pol-sgRNA were measured in the injected embryos 6# by targeted deep sequencing
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symptoms of patients1. For this purpose, seven cell colonies
(DMD-C3, 17, 36, 59, 67, 87, and 92) with C-to-T conversion in
one allele and wild-type or 18 -bp deletion in the other allele were
selected as nuclear donors for SCNT (Supplementary Fig. 11). A
total of 400 cloned embryos were constructed and surgically
transferred into two surrogates (T62-1, 51-1), and one surrogate
(T62-1) was pregnant (Fig. 4a). After ~114 days of gestation, one
live piglet (T62-1-1) was born (Fig. 4b). We amplified the DMD-
sgRNA-targeted site from the genomic DNA of a newborn piglet
by PCR, and then obtained Sanger-sequenced PCR products.
Sequencing results showed that the cloned piglet harbored a C-to-

T mutation in one allele and 18 -bp deletion in the other allele
(Fig. 4c; Supplementary Fig. 12a, b). The cloned piglet grew
healthy, and is more than 1-year old now.

Four single-cell colonies (R12I-C22, C29, C56, and C108) with
RAG1, RAG2, and IL2RG mutations were selected for SCNT to
confirm whether live pigs could be achieved through multiple
base editing (Fig. 2b; Supplementary Fig. 4b). A total of 1338
reconstructed embryos were transferred into six surrogate pigs
(A624, A625, A630, A631, A632, and A633). Of these surrogate
animals, two became pregnant (A632, A633), yielding two males
(A632-1 and A632-2) and three females (A632-3, A633-1, and
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A633-2) piglets that were naturally delivered after 114 days of
gestation (Fig. 4a, d). Genotype analysis showed that A632-1
contained CAA > TAA mutations in both alleles of the RAG1
gene, CAG > TAG mutation in one allele and CAG > AAG
mutation in the other allele of the RAG2 gene, and CAG > TAG in
both alleles of the IL2RG gene, which is consistent with the
genotype of R12I-C22 cell colony. For A632-2 piglets, a
premature stop codon was generated in one allele of the RAG1
gene, while complete CAG > TAG conversions were achieved for
the RAG2 and IL2RG genes. This genotype was the same as that
in R12I-C108 cell colony. The genotype of A633-1 and A633-2
piglets was CAG > TAG mutation in only one allele of RAG2 and
IL2RG genes, and no mutation was found for the RAG1 gene.
These two piglets originated from the SCNT of R12I-C59 cell
colony. For A632-3, only a premature stop codon was achieved in
one allele of the IL2RG gene, corresponding to the genotype of
donor R12I-C29 cell colony (Fig. 4e; Supplementary Fig. 13).

We identified 21, 7, 8, and 10 POT sites with 2–3 nucleotide
mismatches for DMD-sgRNA, RAG1-sgRNA, RAG2-sgRNA, and
IL2RG-sgRNA, respectively. Sanger sequencing analysis of all
PCR products indicated that no base substitution was detected at
any of these POT sites of all cloned piglets (Supplementary
Figs 14, 15a–c).

All cloned RAG1, RAG2, and IL2RG mutated piglets were
raised in the conventional housing environment and piglets with
immunodeficiency presented health issues. Consequently, piglets
carrying homozygous RAG1, RAG2, or IL2RG mutations (A632-
2, A632-1), which looked normal and strong upon birth, died 12
and 49 days after birth, respectively, due to infection in the lung
(Fig. 5a; Supplementary Fig. 16). Cloned piglets carrying
heterozygous RAG2 and IL2RG mutations also died 41 and
75 days after birth due to the same reason. By contrast, piglets
with only IL2RG heterozygous mutations (A632-3) grew
normally and survived until they reached sexual maturity. Dead
RAG1, RAG2, and IL2RG mutated piglets and killed age-matched
WT piglets were autopsied immediately. The results showed that
mutated piglets had undetectable or severely hypoplastic
thymuses compared with age-matched wild-type piglets (Fig. 5b).
Moreover, the spleens of the A632-1, A632-2, A633-1, and A633-
2 piglets were smaller and thinner than those of the WT piglets
(Fig. 5c). The thymuses and spleens were fixed and then subjected
to hematoxylin–eosin (H&E) staining. In the thymuses of
mutated piglets, the thymic lobules were atrophied and very
few medulla-like areas were detected, whereas thymic lobules
were clearly found in age-matched WT piglets (Fig. 5d). The
white pulp was almost undetectable and showed hypoplastic
lymphoid aggregations in the spleens of the mutated piglets, but
not in the spleens of the WT piglets (Fig. 5e).

We detected whether RAG1/2 and ILR2G knockout pigs lack
mature B, T, and NK lymphocytes. Cells from the peripheral
blood, spleen, and bone marrow were collected. Quantitative RT-
PCR (qRT-PCR) analysis showed that IL2RG, T-cell surface
markers CD4 and CD8, and B-cell surface marker CD19 were
drastically reduced in the peripheral blood of two IL2RG−/Y

(A632-1 and A632-2) and two IL2RG+/− (A633-1 and A633-2)
piglets, but no expression changes were found in the A632-3
piglet (Fig. 6a). This result may be caused by the X chromosome
inactivation of the IL2RG gene in female mammals. Sanger
sequencing of the RT-PCR products of IL2RG showed that only
mutant IL2RG was expressed in the A633-1 and A633-2 piglets,
which caused spleen and thymus hypoplasia and immunodefi-
ciency (Supplementary Fig. 17). The collected peripheral blood
cells were then subjected to flow-cytometric analysis. After
staining with CD3 antibodies, almost no CD3+ populations were
detected in the peripheral blood of A632-1, A632-2, A633-1, and
A633-2 (2.97%, 1.17%, 3.53, and 2.75%, respectively), confirming

the lack of mature T cells (Fig. 6b). However, ∼31.2% and 55.9%
CD3+ cells were harbored in the corresponding WT and A6332-3
piglets. Furthermore, IgM expression was detected to determine
the status of B cells by FACS. IgM+ cells were almost
undetectable in the PB of A632-1, A633-1, and A633-2 (0,
0.13%, and 0.01%, respectively), whereas the ratios of ∼8.32% and
3.30% were observed in the WT and A632-3 counterparts,
respectively (Fig. 6c). After staining with CD3 and CD8
antibodies, we almost failed to detect CD3+CD8+ cells in
A632-1, A632-2, A633-1, and A633-2 (0.95%, 0.50%, 0.34%, and
0.63%, respectively), but the ratios of 2.39% and 7.67% were
found in WT and A632-3 piglets, respectively. These results
indicated the absence of NK cells in our obtained immunodefi-
cient piglets (Fig. 6d).

V(D)J rearrangement is the unique mechanism of genetic
recombination that occurs only in developing lymphocytes
during the early stages of T- and B-cell maturation. We further
analyzed whether or not V(D)J rearrangements of TCR and BCR
had been blocked by the disruption of RAG1 and RAG2 genes. V
(D)J rearrangements in the T-cell receptor β chain (TCRβ) locus
were detected in the thymus and PB by PCR. PCR results showed
no rearrangements at the TCRβ locus in the thymus and PB of
the RAG1−/− (A632-1) and RAG2−/− (A632-2) piglets (Fig. 6e,
f). For BCR, we selected the IgH locus to detect V(D)J
rearrangements in the spleen, peripheral blood, and bone
marrow. Similarly, the V(D)J rearrangements of the IgH locus
were not detected in the RAG1/2 knockout pigs, By contrast, V
(D)J rearrangements at the TCRβ and IgH loci were observed in
the WT control and A632-2 piglet (Fig. 6g–i). For the A633-1 and
A633-2 piglets, V(D)J rearrangements dramatically decreased and
became almost undetectable in the thymus, which may be caused
by abnormal lymphocyte development due to IL2RG mutation.

Discussion
BE3-mediated C-to-T substitution in the codons of open-reading
frames can potentially cause amino acid substitutions (missense
mutations), aberrant splicing or conversion of CAA, CAG, CGA,
and TGG codons into stop codons (nonsense mutations)36,37.
Induction of stop codons, the most frequent events resulting from
C-to-T substitutions, as well as aberrant splicing, can induce
degradation of mRNA transcripts by nonsense-mediated decay or
the synthesis of truncated proteins, thus enabling gene disruption.
In this work, among the seven genes tested, six genes, namely,
DMD, TYR, RAG1, RAG2, IL2RG, and pol, could be induced a
premature stop codon. By contrast, induction of an aberrant
splicing mutation was the better choice for the other gene
(LMNA).

Gene editing in animals could be realized d by co-injection of
Cas9 mRNA and sgRNA into one-cell stage embryos. Therefore,
we first tested efficiency of the BE3 system and hA3A-BE3 system
for multiple base editing in embryo level. A combination of three
functionally unrelated genes (DMD, TYR, and LMNA), and a
combination of three immune-related genes (RAG1, RAG2, and
IL2RG) were used for the respective experiments. Our results
showed that, in embryo level, both BE3 system and hA3A-BE3
system were able to generate multiple base editing with high
efficiency. Approximately 40–50% embryos contained C-to-T
conversions in three genes simultaneously. The other blastocysts
could contain cells with one or two gene mutations in some
embryos. C-to-T conversions occurred not only at positions 4–8
but also at other positions, such as 9, 10, 11, and 13, which would
lead to unwanted corresponding amino acid changes. In addition
to the specific conversion of C-to-T mutation, undesired muta-
tions such as C-to-A substitutions (TYR-sgRNA) and indels (1 -
bp or 12 -bp deletion for LMNA gene, and 18 -bp deletion for

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10421-8

8 NATURE COMMUNICATIONS |         (2019) 10:2852 | https://doi.org/10.1038/s41467-019-10421-8 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


DMD gene) were also found at expected positions. These
unwanted mutations had been also reported in other organisms
and probably were caused by deamination and subsequent base-
excision repair during the C-to-T conversion21.

When using embryo injection to generate gene editing animals,
the event of C-to-T conversion may happen in a cell of two or
more cell-stage embryos. Thus, many of the resulting founder
animals were chimeric ones mixed with mutant and non-mutant
tissues, or mixed with homozygous cells and heterozygous cells.
To acquire the animals with a pure pattern of mutation, one or
two more rounds of further breeding have to be employed for
selection among the offspring, which is expensive and time
consuming. For multiple base editing, occurrence of the unde-
sired mutations in founders would increase the complexity of the
chimeric issues. Therefore, embryo injection is unsuitable for
generating multiple-base editing large animals, such as pigs, with
long gestation term and sex maturation time. However, when
generating a single-base editing animal, for some genes, for
instance, (e.g., LMNA gene, an aging-related gene, with special
functions), embryo injection could be a better choice. Mutations
of LMNA gene could cause premature aging syndromes. When
we putatively established porcine fibroblast line-harboring
LMNAG608G mutation, the cells also exhibited premature senes-
cence phenotypes in vitro, and were unsuitable for use as nuclear

donors for SCNT. Therefore, we applied embryo injection of base
editors to establish a LMNAG608G mutation pig model. HGPS pig
models carrying a c.1824C-to-T point mutation were successfully
generated via zygotes injection, indicating that pig models car-
rying C-to-T substitutions can be generated by direct zygote
injection of BE3, thus providing an appropriate model for pre-
clinical study of aging.

Gene targeting of large animals can be achieved through com-
bination of gene targeting of somatic cells with somatic cell nuclear
transfer1,2,38. In vitro screening of gene-edited fibroblasts with
desired mutations prior to SCNT could circumvent several pro-
blems, such as chimerism and unwanted mutations, which are
commonly found in embryo injection approach. In the proposed
approach, given that the pig cloning technology has been well
established, the most elusive issue for the generation of gene editing
animal is to create mutant cells that can be used as donor nuclei.
Therefore, we tested the multiple base editing efficiency of BE3 and
hA3A-BE3 in porcine somatic cells. Our results showed that, both
BE3 and hA3A-BE3 could be applied for efficient base editing in
three genes simultaneously. Unlike that in embryo level, in which
hA3A-BE3 and BE3 had similar efficiency, the efficiency of hA3A-
BE3-mediated multiplex base editing was higher than that of BE3 in
porcine cell level. Although as in the embryo level, BE3 and hA3A-
BE3 systems could also result in cells with one or two gene
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mutations and unwanted mutations, such as undesired non-C-to-T
substitutions and indels in some cell colonies. The cell lines with
desired mutations can then be selected by genotyping to obtain
cloned pigs with favorable phenotypes. The effectiveness of this
approach was validated by the generation of pigs with point
mutations in one and three genes. We first made a DMD pig model
with C-to-T conversion of a single gene (DMD gene) through the
BE3 system combining with SCNT approach. DMD is an X-linked
recessive hereditary disease, and the average life expectancy of
patients with this disorder is 26 years old39. Previously reported
DMD−/− or DMD−/Y pigs made by deletion of a fragment through
the CRISPR-Cpf1 system could not survive beyond 3 months1.
Thus, we chose female cell colonies with DMD−/+ mutation of C-
to-T conversion to generate DMD heterozygous female pigs, which
could survive more than 1 year and could be used to mate with
DMD+/Y pigs to achieve many F1 pig models with DMD pheno-
types for biomedicine study. The application of the BE3 system in
generation of multiple base editing animal was validated by
choosing the mutant cells with C-to-T conversions of three func-
tionally related genes RAG1, RAG2, and IL2RG for SCNT. We
successfully achieved immunodeficient pigs lacking B cells, T cells,
and NK cells, which are consistent with the SCID pigs made by
deletion of fragments with other gene editing technologies40–42.

The risk of cross-species transmission of PERVs has impeded the
clinical application of xenotransplantation from pig human. Pre-
viously, PERVs are inactivated in a porcine primary cell line by
using CRISPR-Cas931,32. Here, we proved that induction of stop
codons can also disrupt genes with dozens of copies of pol gene on
PERVs in the porcine genome. CRISPR-Cas9-mediated DSBs are
deleterious for cell growth. To support clonal expansion of 100%
PERV-inactivated cells, p53 inhibitor is added to mitigate the stress
from multiplex DNA damage during multiplexable genome engi-
neering. By using the BE3 system, instead of DSBs, stop codons
were generated, thereby avoiding DNA damage and maintaining
normal growth of mutant cells, thus, potentially facilitating dis-
ruption genes with multiple copies. In this study, we found that the
copy number of pol gene could be substantially reduced in both
embryonic and cellular levels. Deep-sequencing results showed that
about 85% copies of pol genes were converted from C to T, indi-
cating that CBE could be used to generate PERV-inactivated pigs.

Off-targeting issue has been a safety concern for gene editing.
Recent reports showed that BE3, but not ABE, could induce
genome-wide de novo single-nucleotide variants (SNVs) in
mice34 and rice35. We only detected one off-target mutation (OT3
for LMNA-sgRNA) of 53 POTs (7 for LMNA-sgRNA, 21 for
DMD-sgRNA, 7 for RAG1-sgRNA, 8 for RAG2-sgRNA, and 10
for IL2RG-sgRNA) with PCR followed by Sanger sequencing. The
status of genome-wide C-to-T type of SNVs beyond POTs of
base-edited pigs achieved in this reports was not verified by
whole-genome sequencing. Given that most of the survived base-
edited pigs are growing normally, we speculate that the de novo
SNVs may not cause fatal phenotypes.

In summary, the CBE system (BE3 and hA3A-BE3) can be
used to generate multiplex point mutations efficiently at the
cellular and embryonic levels simultaneously. Single and multiple
gene point mutations could be introduced into large animals,
such as pigs, through embryo injection or nuclear transfer
approach. The application of the CBE system should promote the
generation of animal models harboring various point mutations
or for gene therapy of genetic diseases with multiplex point
mutations.

Methods
Animals. Bama miniature pigs and Large White pigs were maintained at the large
animal facility of Guangzhou Institute of Biomedicine and Health, Chinese
Academy of Sciences. The protocols for the use of pigs were approved by the

Institutional Animal Care and Use Committees at Guangzhou Institute of Bio-
medicine and Health Chinese Academy of Sciences (Animal Welfare Assurance
#A5748-01).

Vector construction. BE3 fragments were synthesized by Guangzhou IGE Bio-
technology Ltd. The fragments were then cloned into the pCS2 vector with the SP6
promoter and into the pCDNA3.1 (+ ) vector with the CMV promoter. The
obtained vectors were named as pCS2-BE3 and pCDNA3.1-BE3. pCMV-hA3A-
BE3 vector (#113410) and U6-sgRNA cloning vector (#48962) were purchased
from Addgene. pCS2-hA3A-BE3 vector was constructed by ligating linearized
pCS2 vector and hA3A-BE3 fragment. DMD-sgRNA, TYR-sgRNA, LMNA-sgRNA,
pol-sgRNA, RAG1-sgRNA, RAG2-sgRNA, and IL2RG-sgRNA were designed fol-
lowing the G-N19-NGG rule. Two complementary oligonucleotides of sgRNAs
were synthesized and then annealed to double-stranded DNAs. The annealed
products were then cloned into the BbsI-digested U6-sgRNA cloning vector and
obtained sgRNA-expressing plasmid. The primers used above are listed in Sup-
plementary Data 3.

Production of mRNA and sgRNA. The pCS2-BE3 and pCS2-hA3A-BE3 vectors
were linearized by the restriction endonuclease Not I, which were used as the BE3
and hA3A-BE3 mRNA template. The BE3 and hA3A-BE3 mRNAs were synthe-
sized using mMESSAGE mMACHINE™ SP6 Transcription Kit (Thermo Fisher
Scientific, AM1340) and purified with RNeasy MiniElute Cleanup kit (Qiagen) in
accordance with the manufacturer’s instructions. Templates for sgRNA in vitro
transcription were amplified from the constructed U6-sgRNA cloning vectors and
then transcribed using HiScribe™ T7 Quick High Yield RNA Synthesis Kit (New
England Biolabs). The in vitro-transcribed sgRNAs were purified with miRNeasy
Mini Kit (Qiagen) following the manufacturer’s instructions. The primers used for
amplifying sgRNAs are listed in Supplementary Data 3.

Pig embryo injection. For pigs, zygotes from Large White pigs were collected after
insemination and transferred into manipulation medium. Given that the porcine
oocytes are easily available from a local slaughterhouse, in vitro-activated porcine
parthenogenetic embryos were used to evaluate the editing efficiency and viability
of pig embryos after injection RNA of the CBE system. Porcine oocyte collection,
in vitro maturation, and parthenogenetic activation were conducted as reported in
our previous studies43,44. In brief, a mixture of BE3 or hA3A-BE3 mRNAs (150 ng/
μL) and sgRNAs (50 ng/μL for each sgRNA) was microinjected into the cytoplasm
of one-cell stage porcine zygotes and porcine PA embryos. After 6-day in vitro
culture, blastocysts of pigs were collected for genotyping by PCR and Sanger
sequencing.

PFFs culture and transfection. PFFs were isolated from 35-day-old fetuses of
Bama miniature pigs. After removing heads, tails, limbs and viscera, the remaining
fetuses were digested by 0.5 mg/mL collagenase IV for 2.5 h at 38℃. Isolated PFFs
were cultured in the PFF culture medium (Dulbecco’s modified Eagle’s medium
(DMEM, HyClone) supplemented with 15% fetal bovine serum (FBS, Gibco), 1%
nonessential amino acids (NEAA, Gibco), 2 mM GlutaMAX (Gibco), 1 mM
sodium pyruvate (Gibco), and 2% penicillin–streptomycin (HyClone)) for 12 h and
then frozen in cell freezing medium (90% FBS and 10% dimethyl sulfoxide).

A day before transfection, PFFs were thawed and cultured in 10 -cm dishes to
subconfluence. Then, ~1 × 106 PFFs were electroporated with pCDNA3.1-BE3 or
pCMV-hA3A-BE3 (10 μg), and sgRNA-expressing vectors (3 μg of each sgRNA) at
1350 V, 30 ms, 1 pulse using the NeonTM transfection system (Life technology).
The electroporated cells were recovered for 24 h, and then divided into 20 10 -cm
culture dishes. After 10-day G418 selection, individual cell colonies were selected
and cultured in 24-well plates. When the confluence reached 90%, the cell colonies
were sub-cultured in 12-well plates, and 20% of each cell colony was collected and
lysed individually in 10 μL of lysis buffer (0.45% NP-40 plus 0.6% Proteinase K) for
60 min at 56℃, and then for 10 min at 95℃. The lysate was then used as a
template for PCR. The corresponding primers are listed in Supplementary Data 3.
The PCR products were further sequenced to identify point mutations. Some PCR
products were subjected to sub-clone into the pMD18-T vector (Takara) and then
sequenced to determine the exact point mutation patterns and mutation efficiency.
Cell colonies with expected mutations were expanded and then cryopreserved in
cell freezing medium (90% FBS and 10% dimethyl sulfoxide) for future use.

SCNT and production of mutant pigs. Before SCNT, the cryopreserved cell
colonies were thawed and cultured in a 24-well plate. Porcine oocyte collection,
in vitro maturation, and SCNT were performed as our previous reports43,44.
Briefly, the selected cumulus oocyte complexes were cultured in maturation
medium for 42–44 h at 39℃ in an incubator containing 5% CO2. Matured oocytes
were then enucleated and donor cells were injected into the perivitelline space of
the oocytes. After injection, fusion and activation were performed using an electro-
fusion instrument in accordance with the manufacturer’s instructions. The
reconstructed embryos were then cultured overnight and surgically transferred to
the oviducts of the surrogates. After 114 days of gestation, the cloned piglets were
delivered through natural birth.
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Genomic DNA extraction and genotyping. Genomic DNAs were extracted from
the ear tissues of the newborn animals by using TIANamp Genomic DNA Kit
(TIANGEN) and then subjected to targeted Sanger sequencing and deep sequen-
cing. The primers used for animal genotyping were the same as those used for cell-
and embryo-level genotyping.

H&E staining. The thymus and spleen tissues obtained from WT and RAG1,
RAG2, and IL2RG mutant pigs were fixed in 4% paraformaldehyde for 2 days. The
fixed tissues were embedded in paraffin wax and cross-sectioned at 3 μM using a
vibratome for H&E staining. The slides were deparaffinized with xylene and sub-
sequently rehydrated with 100%, 90%, 80%, 70%, and 50% alcohol, followed by
H2O. Finally, the rehydrated slides were stained with H&E and viewed under a
fluorescence inversion microscope.

RT-PCR and qRT-PCR analysis. The total RNAs were extracted from the ear
tissues of WT and LMNAG608G piglets, and the thymus and spleens of WT and
RAG1, RAG2, and IL2RG mutant piglets by using TRIzol Reagent (Life technolo-
gies) in accordance with the supplier’s manual. The total RNAs (5 μg) were used to
synthesize cDNAs by using ReverTra Ace (Toyobo) and oligo-dT (Takara). For
RAG1, RAG2, and IL2RG mutant piglets, transcript levels of CD4, CD8, CD19, and
IL2RG were evaluated by qRT-PCR using the CFX96 real-time system (BIO-RAD)
with SYBR Green Supermix (172-5274, BIO-RAD). For LMNAG608G piglets, RT-
PCR was performed to detect the expression of progerin. The primers used for RT-
PCR and qRT-PCR are listed in Supplementary Data 3.

Flow-cytometry analysis. Peripheral blood mononuclear cells were isolated from
whole blood of RAG1, RAG2, and IL2RG mutant piglets and age-matched control
piglets. Red blood cells were eliminated by using ACK lysis buffer (Leagene). To
identify porcine CD3+ T, IgM+ B, and CD3-CD8+ NK cells, we used mouse anti-
pig CD3 (BD, 561476, 1:200), CD8 (BD, 559584, 1:200), and goat anti-pig IgM
(AbD, AAI39F, 1:200). Samples were analyzed using an Accuri C6 flow cytometer
(Accuri Cytometers, Ann Arbor, MI).

PCR analysis to identify V(D)J recombination. DNA samples were extracted
from the peripheral blood, spleen, thymus and born marrow of RAG1, RAG2, and
IL2RG mutant piglets and age-matched control piglets. The primers for identifying
V(D)J recombination are shown in Supplementary Data 3. TCR-β recombination
and IgH genes were analyzed by PCR using 2 × SuperStar PCR Mix (GenStar). We
used the D1J1-F, D1J1-R, FR1, and JF primers to identify the rearranged of TCR-β
and IgH. The thermal cycler parameters were as follows: 95℃ for 5 min; 35 cycles
of 98℃ for 15 s, 68℃ for 30 s, and 72℃ for 2 min; and a final step at 72℃
for 5 min.

Off-target analysis. The POT sites for each sgRNA were predicted to analyze site-
specific edits by the BE3 system according to an online design tool (http://www.
rgenome.net/cas-offinder/)33 allowing for un-gapped alignment with up to three
mismatches in the sgRNA target sequence. All POTs were amplified by PCR and
then subjected to Sanger sequencing to confirm the off-target effects, respectively.
The primers for amplifying the off-target sites are listed in Supplementary Data 3.

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

Data availability
Previously constructed plasmids are available from Addgene under ID numbers 113410
and 48962. All deep-sequencing data from this study has been deposited at NCBI
Sequence Read Archive (SRA) under accession numbers SRR8776264, SRR8776265, and
SRR8776266. The source data underlying Figs 3f, 3h, and 6a, 6e–i are provided as a
Source Data file. All relevant data supporting the findings of this study are represented
within the article or available from the corresponding authors upon reasonable request.

Received: 21 October 2018 Accepted: 9 May 2019

References
1. Wu, H. et al. Engineering CRISPR-Cpf1 with tRNA promotes genome editing

capability in mammalian systems. Cell Mol. Life Sci.: CMLS, https://doi.org/
10.1007/s00018-018-2810-3 (2018).

2. Yang, Y. et al. Genetically humanized pigs exclusively expressing human
insulin are generated through custom endonuclease-mediated seamless
engineering. J. Mol. Cell Biol. 8, 174–177 (2016).

3. Yang, L. et al. Optimization of scarless human stem cell genome editing.
Nucleic Acids Res 41, 9049–9061 (2013).

4. Yin, H. et al. Genome editing with Cas9 in adult mice corrects a disease
mutation and phenotype. Nat. Biotechnol. 32, 551–553 (2014).

5. Ihry, R. J. et al. p53 inhibits CRISPR-Cas9 engineering in human pluripotent
stem cells. Nat. Med. 24, 939–946 (2018).

6. Haapaniemi, E., Botla, S., Persson, J., Schmierer, B. & Taipale, J. CRISPR-Cas9
genome editing induces a p53-mediated DNA damage response. Nature Med.,
https://doi.org/10.1038/s41591-018-0049-z (2018).

7. Kosicki, M., Tomberg, K. & Bradley, A. Repair of double-strand breaks
induced by CRISPR-Cas9 leads to large deletions and complex
rearrangements. Nat Biotechnol., https://doi.org/10.1038/nbt.4192 (2018).

8. Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A. & Liu, D. R. Programmable
editing of a target base in genomic DNA without double-stranded DNA
cleavage. Nature 533, 420–+ (2016).

9. Nishida, K. et al. Targeted nucleotide editing using hybrid prokaryotic and
vertebrate adaptive immune systems. Science 353, 8 (2016).

10. Gaudelli, N. M. et al. Programmable base editing of A.T to G.C in genomic
DNA without DNA cleavage. Nature 551, 464–+ (2017).

11. Lu, Y. M. & Zhu, J. K. Precise editing of a target base in the rice genome using
a modified CRISPR-Cas9 system. Mol. Plant. 10, 523–525 (2017).

12. Zong, Y. et al. Precise base editing in rice, wheat and maize with a Cas9-
cytidine deaminase fusion. Nat. Biotechnol. 35, 438–+ (2017).

13. Kim, K. et al. Highly efficient RNA-guided base editing in mouse embryos.
Nat. Biotechnol. 35, 435–+ (2017).

14. Liang, P. P. et al. Effective gene editing by high-fidelity base editor 2 in mouse
zygotes. Protein Cell 8, 601–611 (2017).

15. Liu, Z. et al. Efficient generation of mouse models of human diseases via ABE-
and BE-mediated base editing. Nat. Commun. 9, 8 (2018).

16. Sasaguri, H. et al. Introduction of pathogenic mutations into the mouse Psen1
gene by Base Editor and Target-AID. Nat. Commun. 9, 2892 (2018).

17. Ma, Y. et al. Highly efficient and precise base editing by engineered dCas9-
guide tRNA adenosine deaminase in rats. Cell Discov. 4, 39 (2018).

18. Liu, Z. et al. Highly efficient RNA-guided base editing in rabbit. Nat.
Commun. 9, 2717 (2018).

19. Kim, D. et al. Genome-wide target specificities of CRISPR RNA-guided
programmable deaminases. Nat. Biotechnol. 35, 475–+ (2017).

20. Kim, Y. B. et al. Increasing the genome-targeting scope and precision of base
editing with engineered Cas9-cytidine deaminase fusions. Nat. Biotechnol. 35,
371–+ (2017).

21. Komor, A. C. et al. Improved base excision repair inhibition and
bacteriophage Mu Gam protein yields C:G-to-T: A base editors with higher
efficiency and product purity. Sci. Adv. 3, 9 (2017).

22. Li, G. L. et al. Highly efficient and precise base editing in discarded human
tripronuclear embryos. Protein Cell 8, 776–779 (2017).

23. Liang, P. P. et al. Correction of beta-thalassemia mutant by base editor in
human embryos. Protein Cell 8, 811–822 (2017).

24. Zhou, C. Y. et al. Highly efficient base editing in human tripronuclear zygotes.
Protein Cell 8, 772–775 (2017).

25. Merideth, M. A. et al. Phenotype and course of Hutchinson-Gilford progeria
syndrome. N. Engl. J. Med. 358, 592–604 (2008).

26. Schwarz, K. et al. RAG mutations in human B cell-negative SCID. Science 274,
97–99 (1996).

27. Noguchi, M. et al. Interleukin-2 receptor gamma chain mutation results in x-
linked severe combined immunodeficiency in humans. Cell 73, 147–157
(1993).

28. Gehrke, J. M. et al. An APOBEC3A-Cas9 base editor with minimized
bystander and off-target activities. Nat. Biotechnol. 36, 977–+ (2018).

29. Zong, Y. et al. Efficient C-to-T base editing in plants using a fusion of nCas9
and human APOBEC3A. Nat. Biotechnol. 36, 950–+ (2018).

30. Wang, X. et al. Efficient base editing in methylated regions with a human
APOBEC3A-Cas9 fusion. Nat. Biotechnol. 36, 946–+, https://doi.org/10.1038/
nbt.4198 (2018).

31. Yang, L. H. et al. Genome-wide inactivation of porcine endogenous
retroviruses (PERVs). Science 350, 1101–1104 (2015).

32. Niu, D. et al. Inactivation of porcine endogenous retrovirus in pigs using
CRISPR-Cas9. Science 357, 1303–1307 (2017).

33. Bae, S., Park, J. & Kim, J. S. Cas-OFFinder: a fast and versatile algorithm that
searches for potential off-target sites of Cas9 RNA-guided endonucleases.
Bioinformatics 30, 1473–1475 (2014).

34. Zuo, E. W. et al. Cytosine base editor generates substantial off-target single-
nucleotide variants in mouse embryos. Science 364, 289–+ (2019).

35. Jin, S. et al. Cytosine, but not adenine, base editors induce genome-wide off-
target mutations in rice. Science 364, 292–+ (2019).

36. Billon, P. et al. CRISPR-mediated base editing enables efficient disruption of
eukaryotic genes through induction of stop codons. Mol. Cell 67, 1068–+
(2017).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10421-8

12 NATURE COMMUNICATIONS |         (2019) 10:2852 | https://doi.org/10.1038/s41467-019-10421-8 | www.nature.com/naturecommunications

http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cas-offinder/
https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1007/s00018-018-2810-3
https://doi.org/10.1007/s00018-018-2810-3
https://doi.org/10.1038/s41591-018-0049-z
https://doi.org/10.1038/nbt.4192
https://doi.org/10.1038/nbt.4198
https://doi.org/10.1038/nbt.4198
www.nature.com/naturecommunications


37. Kuscu, C. et al. CRISPR-STOP: gene silencing through base-editing-induced
nonsense mutations. Nat. Methods 14, 710–+ (2017).

38. Wang, K. P. et al. Cre-dependent Cas9-expressing pigs enable efficient in vivo
genome editing. Genome Res. 27, 2061–2071 (2017).

39. Hoffman, E. P., Brown, R. H. & Kunkel, L. M. Dystrophin - the protein
product of the duchenne muscular-dystrophy locus. Cell 51, 919–928 (1987).

40. Huang, J. et al. RAG1/2 knockout pigs with severe combined
immunodeficiency. J. Immunol. 193, 1496–1503 (2014).

41. Suzuki, S. et al. Il2rg gene-targeted severe combined immunodeficiency pigs.
Cell Stem Cell 10, 753–758 (2012).

42. Lei, S. H. et al. Increased and prolonged human norovirus infection in RAG2/
IL2RG deficient gnotobiotic pigs with severe combined immunodeficiency.
Sci. Rep. 6, 12 (2016).

43. Lai, L. X. et al. Production of alpha-1,3-galactosyltransferase knockout pigs by
nuclear transfer coning. Science 295, 1089–1092 (2002).

44. Yang, D. S. et al. Expression of Huntington’s disease protein results in
apoptotic neurons in the brains of cloned transgenic pigs. Hum. Mol. Genet.
19, 3983–3994 (2010).

Acknowledgements
This work was financially supported from the Strategic Priority Research Program of the
Chinese Academy of Sciences (XDA16030503, XDA16030501), the National Key
Research and Development Program of China Stem Cell and Translational Research
(2017YFA0105103), Key Research & Development Program of Guangzhou Regenerative
Medicine and Health Guangdong Laboratory (2018GZR110104004), the National Nat-
ural Science Foundation of China (81702115, 81672317, 31871292), the Youth Innova-
tion Promotion Association of the Chinese Academy of Sciences (2019347), Science and
Technology Planning Project of Guangdong Province, China (2014B020225003,
2016A030313169, 2017B030314056, 2017A050501059), the Bureau of Science and
Technology of Guangzhou Municipality (201704030034), and the Science and Tech-
nology Planning Project of Jiangmen (2017TD02).

Author contributions
L.L. and K.W. designed the study. J.X., W.G., N.L., and Q.L. performed experiments and
analyzed the data. W.G., F.C., Z.O., Q.Z., C.L., and N.F. performed SCNT and porcine

embryos injection. Y.Z. and Z.L. performed embryos transfer experiments and provided
animal (pig) care. S.G. performed bioinformatics analysis. X.Y., X.H., H.W., Q.J., H.S.,
Y.L., T.L., and L.Q. provided technical assistance. X.L. provided valuable comments.
K.W. and L.L. supervised the project and wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10421-8.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks Bhanu Telugu and other
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10421-8 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:2852 | https://doi.org/10.1038/s41467-019-10421-8 | www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-019-10421-8
https://doi.org/10.1038/s41467-019-10421-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Efficient base editing for multiple genes and loci in�pigs using base editors
	Results
	Efficient base editing for multiple sites in porcine embryos
	Base editing at multiple loci in porcine somatic cells
	Generation of LMNAG608G pig via zygote injection
	Generation of base editing pigs via SCNT

	Discussion
	Methods
	Animals
	Vector construction
	Production of mRNA and sgRNA
	Pig embryo injection
	PFFs culture and transfection
	SCNT and production of mutant pigs
	Genomic DNA extraction and genotyping
	H&E staining
	RT-PCR and qRT-PCR analysis
	Flow-cytometry analysis
	PCR analysis to identify V(D)J recombination
	Off-target analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




