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Gene therapy for curing congenital human diseases is prom-
ising, but the feasibility and safety need to be further evaluated.
In this study, based on a pig model that carries the c.740T>C
(L247S) mutation in MITF with an inheritance pattern and
clinical pathology that mimics Waardenburg syndrome 2A
(WS2A), we corrected the point mutation by the CRISPR-
Cas9 system in themutant fibroblast cells using single-stranded
oligodeoxynucleotide (ssODN) and long donor plasmid DNA
as the repair template. By using long donor DNA, precise
correction of this point mutation was achieved. The corrected
cells were then used as the donor cell for somatic cell nuclear
transfer (SCNT) to produce piglets, which exhibited a success-
fully rescued phenotype of WS2A, including anophthalmia and
hearing loss. Furthermore, engineered base editors (BEs) were
exploited to make the correction in mutant porcine fibroblast
cells and early embryos. The correction efficiency was greatly
improved, whereas substantial off-targeting mutations were
detected, raising a safety concern for their potential applica-
tions in gene therapy. Thus, we explored the possibility of pre-
cise correction of WS2A-causing gene mutation by the
CRISPR-Cas9 system in a large-animal model, suggesting great
prospects for its future applications in treating human genetic
diseases.

INTRODUCTION
Gene therapy, a technique to treat or cure diseases by modifying a pa-
tient’s genes through replacement or inactivation of disease-causing
genes or introduction of modified genes, offers new options to multi-
ple fields of medicine. Several gene therapy products have been
approved by the US Food and Drug Administration (FDA), such as
LUXTURNATM (voretigene neparvovec-rzyl) from Spark Therapeu-
tics and ZOLGENSMA� (onasemnogene abeparvovec-xioi) from
AveXis, highlighting the great advances in treating monogenetic dis-
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eases. However, most of the current gene therapy trials in clinics are
achieved by using a gene augmentation strategy. Precise gene modi-
fications, which are essential for correcting the pathogenic mutations
in most recessive genetic diseases, are still under development, and
nuclease-mediated genome editing tools, especially the clustered
regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) protein 9 (CRISPR-Cas9) system, provide
great potential for therapeutic genome editing by mediating accurate
gene correction, either ex vivo or in vivo.

Waardenburg syndrome (WS), a dominant inherited auditory-
pigmentary syndrome that is characterized by hearing loss and hypo-
pigmentation,1 affects about 1 per 42,000 of the population2 and is
classified into four types based on clinical characteristics.3 WS type
2 (WS2) is characterized by sensorineural hearing loss, pigmentary
abnormalities in skin, hair, and eyes,1 and no critical vision deficits.4

WS2 cases that contain mutations in the MITF (microphthalmia-
associated transcription factor) gene are classified as WS2A.5–7

Several mouse models of WS2A have been created but only partially
present the clinical features of WS2A patients with a recessive or
semidominant inheritance pattern.7,8 Due to the high similarities of
pigs and humans in physiology, anatomy, and metabolism, pigs serve
as an ideal animal for human disease modeling. We previously
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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created a miniature pig model of WS2A using N-ethyl-N-nitrosourea
mutagenesis, in which the heterozygous mutants (MITF c.740T>C
mutation) resembled the pathology of WS2A and the homozygous
mutants exhibited additional anophthalmia,9 which was similarly
observed as microphthalmia in patients with biallelic mutations in
MITF.10 This dominant MITF c.740T>C mutation leads to WS2A
through haploinsufficiency,9 making it impossible to correct the
phenotype by disrupting the dominant negative mutant alleles, which
was possible to use in the treatment of some types of autosomal domi-
nant hearing loss.11 Considering the complications and immunotox-
icity that may arise from the overexpression or ectopic expression of
the transgene,12 the repeated therapeutic administration that is often
required, and other causes of pathology in addition to haploinsuffi-
ciency,13 gene augmentation may not be appropriate for treating
diseases that are inherited in an autosomal recessive pattern and
dominant pattern due to loss-of-function mutations such as WS2A.
Thus, precise correction of the pathogenic mutation is a potential
strategy for one-time treatment that would achieve a permanent
cure for the disease.

CRISPR-Cas9 has been widely used in genome editing because of its
high efficiency and simple design ever since the introduction of
CRISPR-Cas9 for multiplexing genome targeting in human and
mouse cells.14 Guided by a small guide RNA (sgRNA), the Cas9
nuclease introduces a double-strand break (DSB) at a specific site of
the target DNA sequence. This process induces cellular DSB repair
pathways, including non-homologous end-joining (NHEJ) that may
result in small insertions or deletions (indels) and high-fidelity ho-
mology-directed repair (HDR) in the presence of donor DNA frag-
ments.14–16 CRISPR-Cas9-induced HDR provides an efficient and
precise strategy for treating hereditary diseases since most genetic
diseases arise from point mutations.17,18 Furthermore, recently
developed cytosine base editors and adenine base editors19–22 provide
additional advantages for correction of pathogenic point mutations in
genetic diseases without the need for introducing a DSB or a repair
template. However, the feasibility and safety for HDR and base edi-
tor-mediated gene therapy still need to be further evaluated, especially
in large animals, which could be informative for future preclinical
applications.

In the current study, based on the WS2A pig model, we performed
precise gene correction with CRISPR-Cas9-mediated HDR using sin-
gle-stranded oligodeoxynucleotide (ssODN) and plasmid DNA with
long homology arms as donor DNAs. We successfully rescued the
anophthalmia and hearing loss phenotype, which indicates potential
applications for gene therapy of autosomal recessive disorders and
diseases caused by dominant mutations due to haploinsufficiency.
Further attempts were made to achieve precise point mutation correc-
tion using an engineered base editor (BE) system in porcine fibroblast
cells and early embryos, but results raised safety concerns regarding
its application for future gene therapies. Herein, the successful correc-
tion of genetic defects in porcine cells and embryos in vitro and rescue
of the disease phenotypes in pigs provide proof of concept for the po-
tential of precise gene therapy in treating genetic diseases.
RESULTS
MITF c.740T>C mutation was monoallelically corrected through

ssODN strategy

To evaluate the efficiency and safety of nuclease-mediated gene ther-
apy for point mutation-caused diseases, we used the CRISPR-Cas9
system and BEs to precisely correct the causative mutation in a
WS2A pig model and then evaluated the off-targeting editing by
whole-genome sequencing (WGS) (Figure 1A). We first exploited
ssODNs as repair templates to correct the c.740T>C mutation in
the porcine MITF gene. We designed three sgRNAs that targeted
the mutation site on exon 8 of the MITF gene and two 99-nt ssODN
repair templates (sense and antisense) (Figure 1B). The sgRNA-Cas9
expression vector was co-transfected with each of the ssODNs and the
pCAG-GFP plasmid (when using PX330) in MITFL247S/L247S porcine
fetal fibroblast cells (PFFCs), and GFP-positive cells were collected by
fluorescence-activated cell sorting (FACS) for genotyping analysis
(Figure 1C). As shown in Figure S1, the correction efficiency with
sgRNA1 combined with antisense ssODN (AS) or sgRNA2 combined
with sense ssODN (S) was slightly higher than other groups via Hi-
TOM analysis, a platform for high-throughput tracking of
mutations.23 Therefore, the sgRNA1 and the antisense ssODN
(1AS) strategy was exploited in subsequent experiments for the
screening of single-cell colonies. A total of 33 colonies were obtained,
and genotyping results showed that 1 colony (colony 27) was precisely
corrected at the c.740 site (Figures 1D–1F) through genotyping by
short-range PCR, which resulted in a 546-bp amplicon. Furthermore,
a similar strategy was conducted in MITFL247S/+ PFFCs, and results
showed that 3 of the 18 colonies (16.67%) were precisely corrected
(colonies 3, 5, and 13, Figures 1G–1I).
In order to assess the developmental capacity of the corrected cells
and phenotype rescue after gene correction, somatic cell nuclear
transfer (SCNT) was performed by using colony 27, which was cor-
rected from MITFL247S/L247S PFFCs, as the donor to generate MITF
c.740T>C mutation-corrected pigs. A total of 2,380 embryos were
transferred to nine surrogates, and three pregnancies were established
and developed to term (Table S1). Nine liveborn and three stillborn
piglets were obtained in three pregnancies. These piglets were healthy
and appeared to have normally developed eyes, which were signifi-
cantly different from the eyes ofMITFL247S/L247S pigs (anophthalmia)
(Figure 2A). Unexpectedly, the coat color of all of these piglets was
white (Figure 2A), which is similar to the coat color of MITFL247S/+

pigs, but different from that of the desired homozygous corrected
pigs, which was expected to be the same as the wild-type (WT)
pigs.9 Therefore, we further confirmed the genotypes of these pigs
at both the genomic DNA and mRNA level. Unfortunately, a short
band was detected in the MITF mRNA (Figure 2B), which could
not be cleaved by DraI (Figure 2C). Genomic DNA sequencing of
the longer fragment showed a 602-bp deletion at the intron 7 and
exon 8 junction of the MITF gene in one allele (41-bp deletion and
24-bp insertion in mRNA) (Figure 2D), resulting in the prematurely
truncated MITF open reading frame (ORF) and disruption of the he-
lix-loop-helix domain. This explained why the pigs exhibited a similar
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Figure 1. CRISPR-Cas9 mediated MITF c.740C > T repair in porcine fibroblast cells using ssODN as the repair template

(A) Experimental design for theMITF point-mutation repair in the current study. (B) Genome structure of the porcineMITF gene, the sequences of the sgRNAs targeting the

c.740 site, and the ssODNs used as HDR templates. The protospacer-adjacent motif (PAM) sequences of the sgRNAs are shown in purple, the intended point mutation is

shown in red, and the introduced blockingmutations are shown in blue in the ssODN sequence. (C) Experimental procedure for screening single-cell colonies. (D) Genotyping

of single-cell colonies by PCR andDraI digestion that originated fromMITFL247S/L247S fibroblasts. The arrows indicate potentially corrected colonies. (E) Sanger sequencing of

the colonies cut by DraI. The T base intended to be repaired is shown in red, the blocking mutations in donor DNA are shown in orange, the deleted bases are indicated by

colons, and the inserted bases are shown by lowercase red text. (F) Sequencing diagram of the PCR product from colony 27 (#27) and the MITFL247S/L247S fibroblast cells

(Homo). The sgRNA sequences are underlined, the PAM sequences of the sgRNA1 are shown in red rectangles, and the repaired base and the introduced blockingmutation

are indicated by black and red arrows, respectively. (G) Genotyping of single-cell colonies by PCR and DraI digestion originate from MITFL247S/+ fibroblasts. The arrows

indicate the potentially corrected colonies. (H) Sanger sequencing of the colonies cut by DraI. The T base intended to be repaired is shown in red, the blocking mutations in

donor DNA are shown in orange, the deleted bases are indicated by colons, and the inserted bases are shown by lowercase red text. (I) Sequencing diagram of the PCR

product from colony 3, 5, and 13 and theMITFL247S/+ fibroblast cells (Hetero). The PAM sequences of the sgRNA1 are shown in red rectangle, and the repaired base and the

introduced blocking mutation are indicated by black and red arrows, respectively.
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Figure 2. Generation of MITF c.740C>T repaired pigs and phenotype analysis

(A) Photographs of pigs with different genotypes are shown. Homo represents theMITFL247S/L247S pig, Hetero represents theMITFL247S/+ pig, WT represents the wild-type

(MITF+/+) pig, and Repaired represents the MITF c.740C>T repaired pig. (B) A short band (indicated by arrows) was detected in mRNA from colony 27-derived pigs using

primers MITF-M2F andMITF-M2R. M represents the DNAmarker. (C) RT-PCR andDraI digestion were used to genotypemRNAs obtained from the ear tissues of colony 27-

derived pigs. (D) Representative sequence of themutant allele inMITFmRNA. The repaired allele is shown above, which included an introducingmutation shown in green and

a repaired base shown in purple bold. The deleted bases are indicated by colons, and the inserted bases are shown by blue uppercase text. (E) H&E staining of the eye

sections in different groups of pigs. Scale bar, 100 mm. (F) Comparison of the ABR thresholds in piglets with different genotypes at 2 weeks of age; the numbers of pigs for the

WT, hetero, homo, and repaired groups are 4, 4, 3 and 3, respectively. The ABR thresholds were recorded in both ears and are presented asmean ± SEM. **p < 0.01. (G and

H) In different groups of pigs, scotopic and photopic ERGswere performed and are shown as average b-wave amplitudes. Analysis included both eyes of 4WT, 3 hetero, and

2MITF-repaired pigs. Data are presented as mean ± SEM. Results of the homo group are not shown in (G) and (H) since their eyes were severely hypoplasia (anophthalmia)

and cannot be subjected to the ERG experiment. NS, not significant (p > 0.05).
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phenotype to that of the MITFL247S/+ pigs. Thus, using the ssODN
strategy, we successfully corrected the MITF c.740T>C mutation
monoallelically while unexpectedly introducing a long fragment dele-
tion in one allele.

Eye development, but not the hearing, of colony 27-derived pigs

was successfully repaired

A dominant mutation in MITF causes WS2A, resulting in clinical
symptoms characterized by sensorineural hearing loss and hypopig-
mentation. In the repaired pigs, while white coat color was observed
(Figure 2A), hearing loss was confirmed by auditory brainstem
response (ABR) analysis (Figure 2F). To confirm that the eyes were
normal and functional, electroretinography (ERG) was performed
on these pigs at 3 and 5 months of age. As Figures 2G and 2H
show, the retinal function of the repaired pigs was normal for both
the scotopic and photopic response as compared with that of the
WT and MITFL247S/+ pigs. Hematoxylin and eosin (H&E) staining
of eye sections showed that the retina structure of the repaired
pigs was complete and similar to those of WT and MITFL247S/+ pigs
(Figure 2E). Taken together, our results demonstrate that the
MITFL247S/L247S pigs were successfully rescued from anophthalmia
using a strategy combining CRISPR-Cas9 with ssODNs.
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 989
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Figure 3. CRISPR-Cas9-mediated MITF point mutation repair in MITFL247S/L247S porcine fibroblast cells using long donor plasmids as the repair templates

(A) Design of different sgRNAs around exon 8 of the porcine MITF gene for the long donor DNA strategy. The PAM sequences of sgRNAs are shown in purple, and the

intended point mutation is shown in red. (B) Design of donor DNA and sgRNAs for genome editing. The homology arms are shown in blue and orange lines around the

intended T locus, and the different sgRNAs are shown as lightning bolts. The purple lightning bolt represents sgRNA4, the green lightning bolt represents sgRNA3, and the

red lightning bolt represents sgRNA1. (C) Analysis of the HDR efficiency for the three different schemes. A representative restriction fragment length polymorphism (RFLP)

image of transfected cells is shown on the left, and the Hi-TOM quantitative results of three independent replicates are presented as mean ± SEM (n = 3) on the right. **p <

0.01. HR, DH, and SH represent HR, DHMEJ, and SHMEJ, respectively. (D) Genotyping of single-cell colonies by PCR and DraI digestion. The arrows indicate the potential

repaired colonies. (E) Sanger sequencing of the colonies that were precisely repaired at the intended locus. The biallelically corrected colonies are shown in bold. The T base

intended to be repaired is shown in red, the blocking mutations in the donor DNA are shown in orange, and the omitted bases are shown by ellipses. (F and G) Total RNAs

were extracted from these colonies and amplified using RT-PCR (F) and then digested with DraI (G). Arrows indicate cleavage. (H) Sequencing diagram of the RT-PCR

product of colony HR-10, HR-15, and HR-30 and the MITFL247S/L247S fibroblast cells (Homo). The intended corrected base and the introduced blocking mutation are

indicated by arrows in black and red, respectively. The blue arrow indicates the junction of exon 7 and exon 8 of MITF.
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The MITF c.740T>C mutation was precisely corrected in

MITFL247S/L247S porcine fibroblast cells through a long donor

DNA strategy

Unexpected long-fragment deletion occurred when using ssODNs as
the repair template in the correction of theMITF c.740T>C mutation
as described above. Furthermore, longer donor DNAs were designed
for precise point mutation correction, as previously described for suc-
cessful gene correction and knockin by TALENs and CRISPR-Cas9 in
human cells, rats, and mice.24–26 Three different schemes were de-
signed, with or without sgRNA sites within the donor DNA to correct
the mutation (Figures 3A and 3B): (1) the double homology-mediated
end joining (DHMEJ)-based donor contains two different sgRNA
target sites flanked by the mutant site and long homology arms, (2)
the single homology-mediated end joining (SHMEJ)-based donor
990 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
contains the same sgRNA target site that harbors the mutant site
on each side and long homology arms, and (3) the homologous
recombination (HR)-based donor contains only the long homology
arms. Different sgRNAs and donor DNA plasmids were co-trans-
fected intoMITFL247S/L247S porcine fibroblast cells, and the efficiency
of the point mutation correction was evaluated in mixed transfected
cells via Hi-TOM analysis. As Figure 3C shows, the correction effi-
ciency in the DHMEJ and HR donor groups was significantly higher
than that in the SHMEJ donor group. Considering the potential inte-
gration of sgRNA-cleaved donor DNA into the porcine genome for
the DHMEJ donor group, we decided to use the HR donor for subse-
quent screening of corrected single colonies. A total of 75 colonies
were obtained, and 3 (HR-10, HR-15, and HR-30) of them were bial-
lelically corrected and 4 (HR-1, HR-32, HR-34, and HR-40) were



www.moleculartherapy.org
monoallelically corrected (Figures 3D and 3E). Genotyping of MITF
mRNA further confirmed that the three colonies were precisely re-
paired biallelically, without incorporating unintentional mutations
(Figures 3F–3H). These colonies were cryopreserved for the subse-
quent generation of the MITF c.740T>C mutation-corrected pigs.

Fully repaired pigs were generated using colony HR-15

In order to assess whether the phenotype could be fully rescued after
gene correction by CRISPR-Cas9 combined with long donor DNA,
colonyHR-15 was used for SCNT to produce pigs. A total of 1,645 em-
bryos were transferred to six surrogates, and three pregnancies were
established and developed to term (Table S2). Six liveborn and three
stillborn piglets were obtained. All of the piglets had a normal appear-
ance, including the “liang-tou-wu” coat color (black coat on the head
and bottom and white coat on the body),27 and themorphology of eyes
similar to that ofWT pigs (Figure 4A). Genotyping results showed that
they were all derived from colony HR-15 (Figure 4B). ERG analysis
and H&E staining of eye sections showed that the repaired eyes were
functional and intact (Figures 4C–4G). The lower photopic b-wave
amplitude in the repaired piglets (Figure 4F) might be due to the
cloning process that often led to abnormal development in cloned an-
imals.28,29 Significantly lower birth weight was also observed in the re-
paired pigs (617.67± 27.06 g for theWTpiglets versus 194.07± 11.78 g
for the repaired piglets). The ABR test showed that the repaired pigs
had normal hearing, which was comparable to that of WT piglets (Fig-
ures 4H–4K). Taken together, colony HR-15-derived pigs were fully
rescued from anophthalmia, hearing loss, and an abnormal white
coat color caused by the c.740T>C mutation in MITF.

Effective MITF c.740C>T repair in MITFL247S/L247S PFFCs by BE

Our results show that our efforts to correct a point mutation by
CRISPR-Cas9-mediated HDR were inefficient and need to be further
improved to meet the requirements of gene therapy applications.
Considering the reported high efficiency and specificity of various en-
gineered BEs in point mutations,30,31 we next turned to evaluate the
efficiency of correcting the MITF c.740T>C mutation using several
engineered BEs. Restriction fragment length polymorphism (RFLP)
results showed that hA3A-BE3, hA3A-BE3-Y130F, and hA3A-eBE-
Y130F could efficiently mediate theMITF c.740C>T correction (Fig-
ure 5A). The editing efficiency was further analyzed using EditR32 for
each C within the sgRNA sequence, and results showed that hA3A-
BE3-Y130F and hA3A-eBE-Y130F were superior for editing this
site because the third C (C3) cannot be edited, which would otherwise
cause a missense mutation (Figures S2 and S3). Further Hi-TOM
analysis confirmed that hA3A-BE3-Y130F and hA3A-eBE-Y130F
could mediate the intended correction more efficiently (Figure 5B).
Thus, hA3A-eBE-Y130F was chosen for further single-cell colony
screening. A total of nine colonies were obtained, and five of them
(55.56%, U1, U10, U14, U19, and U25) were biallelically corrected
and one (11.1%, U3) was monoallelically corrected (Figure 5C).
The corrected colonies were cryopreserved for subsequent analysis.
In order to evaluate the efficacy of precise correction in early embry-
onic stage, sgRNA and hA3A-eBE-Y130F mRNA were microinjected
into cloned early embryos derived from MITFL247S/L247S and
MITFL247S/+ fibroblasts (Figure 5D; Table S3). Genotype analysis
showed that up to 16.13% (5/31) of the heterozygous embryos and
10.87% (5/46) of the homozygous embryos were successfully cor-
rected (Figure 5E). These results indicate the potential use of
hA3A-eBE-Y130F for gene therapy applications.

Substantial off-targeting single nucleotide variants were

identified in the BE-corrected colony

Despite the versatile prospects of the CRISPR-Cas9 and BE system,
off-targeting is a safety concern in therapeutic applications. To vali-
date the precision of CRISPR-Cas9 and BE-mediated point mutation
correction in the current study, WGS was performed on the CRISPR-
Cas9-corrected colony HR-15 and piglet (1907801), and BE-corrected
colony (U19), using the Illumina HiSeq X Ten platform (Table S4).
Single-nucleotide variants (SNVs) and small indels were identified us-
ing three independent algorithms (see Materials and methods). Over-
all, SNVs and indels were detected in all of the subjected samples, and
they were randomly distributed throughout all chromosomes (Fig-
ure 6A). A significant number (1,188) of SNVs were detected in the
BE-corrected colony (U19), compared with a modest number (296)
of SNVs in the Cas9-HDR-corrected colony (HR-15), while the
number of indels was comparable in these two colonies (84 and 74,
respectively) (Figures 6B and 6C). Interestingly, none of the SNVs
and indels found in the Cas9-derived colonies and pigs were shared
by those in the U19 colony (Figure 6D), and 87.5% (259/296) of the
SNVs and 90.5% (67/74) of the indels detected in the HR-15 colony
were also found in the HR-15-derived pig. Moreover, a large amount
of novel SNVs (72.0% [665/924] of all SNVs in 1907801) and indels
(71.4% [167/234] of all indels in 1907801) occurred during the devel-
opment process of pig production (HR-15 and 1907801, Figure 6D).
Further analysis of the SNVs showed that more than half (50.2%) of
the SNVs detected in the U19 colony were a C>T/G>A conversion
(Figure 6E). The SNVs and indels identified by WGS were compared
with the predicted off-target sites by Cas-OFFinder (http://www.
rgenome.net/cas-offinder/)33 and CRISPOR (http://crispor.tefor.net/
),34 both depending on sequence similarities of the sgRNA sequences.
Interestingly, among all of the SNVs and indels detected by WGS,
only one SNV, which was detected in the U19 colony in an intergenic
region, was predicted by one of these two software programs (Cas-
OFFinder) (Figure 6F). Region distribution analysis showed that
most of the SNVs and indels were located on intergenic and intronic
regions, and only 0%–3.11% of them were located on exons (Figures
6G–6I), which led to mostly synonymous andmissense variations. All
of the non-synonymous mutations were confirmed by Sanger
sequencing (Tables S5 and S6; Figures S4 and S5) that revealed an
overall consistent mutation pattern with WGS results, except that
three monoallelic mutations in the WGS data were called as biallelic
mutations by Sanger sequencing, and four mutations failed to be vali-
dated because of sequencing difficulties.

DISCUSSION
Pigs are considered to be highly useful for human disease modeling
and have been widely used in biomedical research. In the current
study, we evaluated the efficacy of CRISPR-Cas9- and BE-mediated
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 991
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Figure 4. Generation of fully corrected pigs and analysis of their phenotypes

(A) Representative photographs of piglets with different genotypes. Homo mutant pig represents theMITFL247S/L247S pig. (B) Genotyping of genomic DNA obtained from ear

tissue of the HR-15 colony-derived piglets by PCR and DraI digestion. Ctrl represent the MITFL247S/L247S fibroblast cells, and 7601-06, 7801-02, and 7901 represent the

repaired pigs.WT1–2 represents twoWT pigs. The arrow indicates the cut bandwith the repaired sequence. (C and D) Retina function analysis in repaired pigs. Scotopic (rod,

C) and photopic (cone, D) full-field ERGswere recorded in newborn piglets; representative scotopic and photopic records are shown for the repaired pigs andWT pigs. (E and

F) The b-wave amplitudes of scotopic (E) and photopic (F) full-field ERGs were plotted for both eyes of the repaired (n = 3) and WT pigs (n = 3). Data are presented as mean ±

SEM. **p < 0.01. NS, not significant (p > 0.05). Results of the homo group are not shown in (C–F) since their eyes were severely hypoplasia (anophthalmia) and could not be

subjected to the ERG experiment. (G) Representative H&E staining image of the retina of newborn piglets with different genotypes. Scale bar, 50 mm. (H–J) Representative

images of the ABR test in newborn piglets with different genotypes. (K) Comparison of the ABR threshold in newborn piglets with different genotypes; the numbers of pigs for

WT, homozygous mutant, and the repaired group are 3, 2 and 1, respectively. The ABR thresholds were recorded in both ears. Data are presented as mean ± SEM. **p <

0.01.
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correction of point mutations in a WS2A pig model carrying a
c.740T>C mutation in the MITF gene. CRISPR-Cas9-mediated pre-
cise correction combined with SCNT successfully rescued the
multi-organ disabilities (anophthalmia, hearing loss, and hypopig-
mentation), suggesting potential applications in treating monogenetic
992 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
diseases using current genome-editing tools. Importantly, this strat-
egy of genome editing to mediate gene correction could not only be
used for correcting pathogenic mutations that lead to dominant dis-
eases through haploinsufficiency, but it could also be applied to gene
therapies for recessive inherited diseases.
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Figure 6. Analysis of the off-targeting mutations identified by WGS

(A) The chromosomal distribution of all SNVs and indels throughout the porcine genome. (B and C) Number of all SNVs (B) and indels (C) identified in the three samples. (D)

Overlap of all of the SNVs and indels between the three samples. (E) Frequencies of different types of all SNVs detected in the corrected colonies and pig. (F) Overlap of all the

SNVs and indels detected by WGS with predicted off-target sites by Cas-OFFinder and CRISPOR. (G–I) The distribution analysis of all SNVs (G), C>T/G>A SNVs (H), and all

indels (I) in the given regions.
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Two kinds of donors were designed for CRISPR-Cas9-mediated
correction of the c.740T>C mutation, and an unexpected long-frag-
ment deletion was detected in a colony when using a ssODN as the
donor, which may occur because the short length of the ssODN
may not be able to repair large deletions caused by Cas9 cleavage.
Thus, confirmation of repair events at the mRNA level is necessary
for gene correction studies that are intolerable of additional indels.
Figure 5. Correction of the MITF c.740T>C mutation using BEs

(A) RFLP analysis in MITFL247S/L247S fibroblast cells that were transfected with differen

intended correction with different BEs. The sequences with C9 corrected to T or both C

mean ± SEM (n = 3 from three independent experiments). a, b, and c values with no

sequencing diagrams of the corrected colonies compared with theMITFL247S/L247S cells

in red rectangles. The edited bases are indicated by arrows, the black arrows indicate the

window. (D) Schematic of microinjection in MITFL247S/L247S and MITFL247S/+ fibroblast-d

homozygous (homo) embryos by microinjection of sgRNA and hA3A-eBE-Y130F mRN

mutants.
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Interestingly, the two blocking mutations that were introduced in
the donor to avoid recleavage by Cas9 were not simultaneously intro-
duced in the corrected colonies (Figures 1E and 1H). This incomplete
or imperfect HDR was previously reported in various species,
including pigs,35 mice,36 and human cells.37 In contrast, HDR
through long donor DNA seemed to provide a more precise way
for correcting this MITF c.740T>C point mutation, which needs to
t BEs as indicated. (B) Hi-TOM was used to evaluate the editing efficiency of the

9 and C4 mutated to T were counted as corrected events. Data are presented as

letter in common are significantly different (p < 0.05). (C) Representative Sanger

(Homo). The sgRNA sequences are underlined, and the PAM sequences are shown

intendedmutations (C9), and the red arrows indicate the C4mutations in the editing

erived embryos. (E) Summary of the editing efficiency in heterozygous (hetero) and

A. Sequences with C9 corrected to T/T and C3 unedited were counted as intended
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be further investigated. When using the HR donor as the repair tem-
plate, the efficiency of precise correction reached up to 9.3% (7/75) for
single colonies screening and 12.4% for Hi-TOM analysis in
MITFL247S/L247S fibroblast cells. However, as we can see from the cur-
rent study and others, including HDR-mediated gene correction in
mouse models,38–44 the efficiency of CRISPR-Cas9-mediated gene
correction still needs further improvement before applying the strat-
egy to treat a variety of diseases. One possibility could be the use of
small molecules that inhibit the NHEJ pathway,45–48 enhance the
HDR pathway,47,49 or regulate the cell cycle,50,51 combined with
timed delivery of a pre-assembled ribonucleoprotein (RNP) complex
of Cas9 protein and sgRNA.51

Recently developed BEs provide an alternative and efficient strategy
for precise point mutation modification, and various versions of
BEs were engineered to improve the specificity and efficiency of
BE-mediated point mutations.30,31 They have already been used for
disease modeling and gene therapy studies in human embryos,52

mice,53–57 rabbits,58 and pigs.59 In the current study, we used several
engineered BEs to evaluate the possibility of precise repair of the
MITF c.740T>C mutation, and the editing efficiency was greatly
improved with use of hA3A-BE3, hA3A-BE3-Y130F, or hA3A-eBE-
Y130F, as expected. Further studies were conducted using hA3A-
eBE-Y130F, which exhibited a narrowed editing window and
increased product purity in a previous study30 and in our preliminary
results. The editing efficiency reached up to 66.7% in fibroblast cells as
determined by single-colony screening, greatly improving the correc-
tion of the point mutation. However, substantial off-targets, primarily
SNVs, were detected in the BE-corrected colony, which was four
times higher than that in the CRISPR-Cas9 corrected colony. This
genome-wide off-targeting was also reported in rice60 and mouse em-
bryos61 using BE3, HF1-BE3, or engineered BE (hA3A-BE3-
Y130F),62 probably because of the overexpression of deaminase
and/or uracil glycosylase inhibitor (UGI). In contrast, very few off-
targeting events were found in the CRISPR-Cas9-HDR-corrected col-
ony, which were even less than the mutations that spontaneously
occur during the development process. The rate of spontaneous mu-
tations during the development process is estimated as 3.19 � 10�7

mutations per site, which was calculated as the naturally occurring
mutations (the total number of SNVs and indels detected in
CRISPR-Cas9 corrected pig 1907801minus that in the HR-15 colony)
divided by the total number of base pairs in porcine genome (2.48 �
109). This estimated rate is higher than that of the average rate of de
novo mutations in humans (1.2 � 10�8 mutations per site per gener-
ation).63,64 One possible reason for this high occurrence is that the
corrected piglets were obtained from SCNT, which is reported to
include great genomic instability (DNA damage and chromosome
segregation errors) when using fibroblast cells as the donor cell for
nuclear transfer in mice.65 Recently, several BE variants, including
the introduction of W90Y+R126E in rAPOBEC1 (YE1) and engi-
neered APOBEC3A (eA3A), were reported to significantly reduce
DNA and RNA off-targeting editing while maintaining on-targeting
efficiency, and several of these variants also had narrowed base-edit-
ing windows,62,66 suggesting that rational engineered BEs hold great
potential for therapeutic applications. Since there are several Cs in
the editing window of the MITF target site, and the editing of C3
would result in missense mutation, BEs with a narrowed editing win-
dow are required for precise correction of this causative mutation.
Thus, we tried to exploit the A3A (N57G)-BE3 (namely eA3A) that
preferably target the TCR (A/G) motif31 to mediate the correction.
However, the on-target efficiency of A3A (N57G)-BE3 (namely
eA3A) was extremely inefficient for this C>T correction in
MITFL247S/L247S porcine fibroblast cells. Thus, they need to be further
optimized to correct pathogenic point mutations for future
applications.

Similar to WS2A, which displays abnormalities of the retina as early
as embryonic day 28 in pigs, there are several diseases that develop
before birth and cause irreversible and fatal pathological change. In
fetal mouse disease models, prenatal gene therapy has been exploited
to prevent disease occurrence at the earliest stage as demonstrated by
the treatment of hemophilia B,67 acute neuronopathic Gaucher dis-
ease,68 b-thalassaemia,69 spinal muscular atrophy (SMA),70 and he-
reditary tyrosinemia type 1,55 indicating that prenatal gene editing
is a promising approach for treating lethal diseases at the earliest
stage. In the current study, we exploited the engineered BE (hA3A-
eBE-Y130F) to correct theMITF c.740T>Cmutation in SCNT-cloned
embryos and demonstrated that efficient correction of this pathogenic
mutation could be achieved through one-step microinjection of BE
mRNA and sgRNA. Our results provide a proof-of-concept validation
of potential applications for in vivo precise correction of pathogenic
mutations. Further evaluation of the feasibility of prenatal gene ther-
apy for curing WS2A remains to be investigated, including opti-
mizing the delivery method and verifying safety.

In summary, we show herein that CRISPR-Cas9-mediated gene
correction could successfully repair the pathogenic point mutation
(MITF c.740T>C) and therefore rescue the vision and hearing loss
in a pig model of WS2A, suggesting the potential of nuclease-medi-
ated genome editing in therapeutic applications in the future.

MATERIALS AND METHODS
Animals

Bamaminiature pigs were raised at the Beijing FarmAnimal Research
Center and had ad libitum access to a commercial pig diet (nutrient
levels according to the United States National Research Council rec-
ommendations) and water throughout the experiment.

Ethics statement

All experiments involving animals were approved by the Animal
Ethics Committee of the Institute of Zoology, Chinese Academy of
Sciences.

Preparation of sgRNAs and donor DNAs

sgRNAs were designed around the c.740T>C site in exon 8 of the
porcine MITF gene using an online tool (http://crispor.tefor.net/).34

Sequences of sgRNAs are shown in corresponding figures. Two com-
plementary oligonucleotide DNAs of sgRNAs for each targeting site
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 995
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were annealed and ligated to the BbsI site of PX330 or PX458 plasmid
(Addgene 42230 or 48138) to form the Cas9-sgRNA expression vec-
tor. For sgRNA expression vectors used in BE experiments, annealed
oligonucleotides were ligated to the BsaI site of pGL3-U6-sgRNA-
PGK-puromycin (Addgene 51133, gift from Xingxu Huang from
Shanghai Tech University). These sgRNA expression vectors were
confirmed by sequencing (Invitrogen).

The 99-nt-longdonorDNAwasdesigned toreplace the c.740C toT, and
two blocking mutations (one in protospacer adjacent motif (PAM) re-
gion, another in the sgRNA sequence) were introduced into the donor
DNA sequence. Successful replacement of C>T would generate a DraI
restriction site. The donor DNA was synthesized as a single strand (In-
vitrogen), which was referred to as ssODN-S and ssODN-AS.

To construct long donor DNAs for the c.740C>T correction, about
1,600bp of the genomic sequence around MITF c.740 site (�800 bp
each homology arm) were amplified from the WT porcine fibroblast
cells using Phusion high-fidelity PCR master mix (New England Bio-
labs), with or without sgRNA sequences flanked, and then subcloned
into the pLB vector (Tiangen, Beijing, China), which were named as
DHMEJ donor, SHMEJ donor, and HR donor. Blocking mutations
were introduced into the PAM sequence of sgRNAs to avoid re-cleav-
age of CRISPR-Cas9 using a Takara MutanBEST kit (Takara, Japan)
according to the manufacturer’s instruction. Primers for homology
arm amplification and introduction of blocking mutations are listed
in Table S7.

Cell transfection and screening of MITF repaired cell colonies

Primary FFCs were isolated from 35-day-old male Bama miniature
porcine fetuses (genotyped as MITFL247S/L247S and MITFL247S/+) and
cultured as previously described.71 Two micrograms of Cas9-sgRNA
expression plasmid and 3 mg of ssODN or 4 mg of long donor DNA
plasmid (for CRISPR-Cas9-mediated correction) or 2 mg of pGL3-U6-
sgRNA plasmid and 4 mg of BE plasmid (for BE-mediated correction)
were co-transfected with 0.2 mg of pCAG-GFP plasmid (when using
PX330) intoMITFL247S/L247S orMITFL247S/+ FFCs using the 2BNucleo-
fector device (Lonza, Germany). Forty-eight hours after transfection,
cells were subjected to FACS based on GFP fluorescence. For efficiency
comparison, all of the GFP-positive cells were collected for genotyping
analysis. For single-colony screening, single cells were plated in each
well of 96-well plates and cultured for about 10 days inmedium supple-
mented with 2.5 ng/mL basic fibroblast growth factor (Sigma, St. Louis,
MO, USA). The cell culture medium was replaced every 4 days.
Confluent cell colonies were propagated and genotyped. Cell colonies
genotyped with precise correction of the c.740C into T were cryopre-
served for subsequent experiments, including SCNT and WGS.

Production of MITF c.740-corrected pigs by SCNT and embryo

transfer

Porcine oocyte collection, in vitro maturation, SCNT, and embryo
transfer were conducted as previously described.71 Cell colonies
with precise correction of the c.740 site (the colony 27 from the
ssODN-mediated strategy and the HR-15 colony from the long donor
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DNA-mediated strategy) were used as the nuclear donor for SCNT.
Reconstructed embryos in good condition were transferred into the
oviduct of a surrogate the day after observed estrus. Pregnancy was
detected by ultrasound 28 days after embryo transfer. All piglets
were delivered by natural birth.

Microinjection of BE in MITF c.740T>C mutant early embryos

BE3, hA3A-BE3, hA3A-BE3-Y130F, hA3A-eBE-Y130F, and hA3A-
eBE-N57G were kind gifts from Xingxu Huang from Shanghai Tech
University30 and Zhanjun Li from Jilin University.58 To obtain the
hA3A-eBE-Y130F mRNA for microinjection, the plasmid was linear-
ized byNotI (New England Biolabs,MA, USA), and the cappedmRNA
was synthesized using mMESSAGE mMACHINE T7 ULTRA tran-
scription kit (Invitrogen, AM1345) and purified using phenol/chloro-
form extraction and isopropanol precipitation. The sgRNA containing
the c.740 site within the editing window (sgRNA2) was in vitro tran-
scribed using the MEGAshortscript T7 transcription kit (Invitrogen,
AM1354) after PCR amplification using primers listed in Table S7
and purified using the a MEGAclear kit (Invitrogen, AM1908).

Microinjection of hA3A-eBE-Y130F mRNA (200 ng/mL) and sgRNA
(50 ng/mL) was performed as previously described72 after the
MITFL247S/L247S and MITFL247S/L247S fibroblast cells were injected
into the perivitelline space of enucleated oocytes. Then, the injected
oocyte cytoplasm-cell complexes were fused and activated by electric
pulse. The resulting reconstructed embryos were cultured in porcine
zygote medium (PZM3) in 5% CO2 at 39�C for 6–7 days and each
blastocyst was genotyped individually.

Genotyping

Genomic DNA was extracted frommixed GFP-positive cells, cell col-
onies, and pigs using a TIANamp genomic DNA kit (Tiangen, Bei-
jing, China). Genotyping was conducted by PCR followed by DraI
digestion, Sanger sequencing, or Hi-TOM analysis. For genotyping
at the mRNA level, total RNAwas extracted using TRIzol reagent (In-
vitrogen) and reverse transcription was performed using the Prime-
Script RT reagent kit with gDNA Eraser (Perfect Real time) (Takara,
Japan) according to the manufacturer’s instructions. A single blasto-
cyst was lysed by 1� mouse tissue lysis buffer (Vazyme, Nanjing,
China) at 55�C for 45 min and 95�C for 15 min, followed by ampli-
fication of two rounds of PCR as previously described.72 The PCR
products were then sequenced to confirm the sequence around the
c.740 site by Sanger sequencing or Hi-TOM.

Off-targeting analysis by WGS

Genomic DNA was extracted from corrected colonies and pigs using
a TIANamp genomic DNA kit (Tiangen, Beijing, China) according to
the manufacturer’s instructions, and DNA integrity was assessed by
performing 1% agarose gel electrophoresis. For each sample, about
1 mg of genomic DNA was subjected toWGS, and they were prepared
according to the Illumina protocols. For sequencing library prepara-
tion, gDNAwas first fragmented by a Covaris Focused-ultrasonicator,
and adapters were then ligated to both ends of the fragments for each
library. WGS was performed using the HiSeq X Ten platform
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(Novogen, China). The raw sequence reads were split based on index,
and the adapters were trimmed out. The Trimmomatic program73

was first used to remove adaptor contamination and trim sequencing
reads with low-quality bases. The remaining qualified reads were then
mapped to Sscrofa11.1 reference sequence (download from the En-
sembl database) using Burrows-Wheeler Aligner (BWA) software74

with default parameters. The SAM files (generated from BWA) con-
taining the read alignments were converted into BAM files, and the
processed BAM files (sorted and duplicates removed) were then
used to call variants, including SNVs and small indels. To identify
the potential off-targets, the somatic mutation detection module of
Mutect2 (embedded in GATK v4.1.4.1),75 LoFreq (v2.1.3.1),76 and
Varscan2 (v2.4.4)77 software were applied for somatic SNVs calling,
and somatic mutation detection module of Mutect2 (embedded in
GATK v4.1.4.1), Strelka2 (v2.9.2)78 and VarScan2 (v2.4.4) software
were applied for somatic indels calling in corrected colonies and
piglet. The somatic SNVs and indels detected by three tools were
determined as the potential off-targets. The variants annotation was
performed using Variant Effect Predictor (VEP) tools,79 and all of
the non-synonymous mutations were validated by Sanger
sequencing, using primers listed in Table S5.
H&E staining

Eyes fromMITF c.740 corrected piglets and piglets with different ge-
notypes were dissected at birth and fixed in 4% paraformaldehyde, de-
hydrated in increasing concentrations of ethanol, washed with xylene,
and equilibrated in paraffin. Then, the tissues were embedded in
paraffin blocks and cut into 5-mm slices. Slices were dewaxed, rehy-
drated, and stained with H&E by a routine H&E staining protocol.
The stained slices were examined under a light microscope for histo-
logical analysis.
ERG

Before examination, pigs were placed in a dark room for at least 2 h
for dark adaptation. All of the subsequent steps were performed un-
der infrared light. Animals were anesthetized by Zoletil 50 (0.08 mL/
kg body weight), and then the corneas of both eyes were anesthetized
with a drop of 0.5% proparacaine hydrochloride and both eyes were
dilated with compound tropicamide eye drops. Carbomer gel was
added to each eye to protect the eye and maintain the electrical
connection. ERG was recorded from both eyes simultaneously using
a gold ring electrode placed on the cornea of each eye, a reference elec-
trode pierced into the skin of upper eyelid, and a ground electrode
placed subcutaneously into the neck. Standard full-field ERGs were
performed with a full-field Ganzfeld Q450 stimulator using the com-
mercial RETI-port/scan 21 system (Roland Consult, Germany) ac-
cording to the standards recommended by International Society for
Clinical Electrophysiology of Vision.80 Scotopic ERG was performed
with a flash stimuli intensity of 0.0095 cd/m2, a stimulus frequency of
0.2 Hz (eight flashes at an interval of 5 s), and a plot time of 300 ms.
After 10 min of light adaptation with a LED background of 25 cd/m2,
photopic ERG was recorded using 3 cd/m2

flash stimuli, with a fre-
quency of 0.2 Hz (20 flashes at 5-s intervals) and a plot time of 150ms.
Measurement of auditory brainstem response

The newborn piglets or pigs at the indicated age were subjected to ABR
measurement for hearing evaluation as previously described.81 Pigs
were anesthetized with isoflurane, and evoked ABRs with clicks were
recorded and analyzed using the Intelligent Hearing System (Intelli-
gent Hearing System, Miami, FL, USA). Sound levels were tested every
10 dB, and the lowest level was confirmed twice at 5-dB intervals. The
hearing thresholds and waveforms were recorded and analyzed.

Statistical analysis

Statistical comparison between two groups was conducted by an un-
paired, two-tailed t test. Data are presented as mean ± SEM, unless
indicated otherwise. A value of *p < 0.05 was considered as signifi-
cantly different and **p < 0.01 was considered as extremely signifi-
cantly different.
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