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Accelerated development of novel CRISPR/Cas9-based genome editing techniques
provides a feasible approach to introduce a variety of precise modifications in the
mammalian genome, including introduction of multiple edits simultaneously, efficient
insertion of long DNA sequences into specific targeted loci as well as performing
nucleotide transitions and transversions. Thus, the CRISPR/Cas9 tool has become
the method of choice for introducing genome alterations in livestock species. The list
of new CRISPR/Cas9-based genome editing tools is constantly expanding. Here, we
discuss the methods developed to improve efficiency and specificity of gene editing
tools as well as approaches that can be employed for gene regulation, base editing, and
epigenetic modifications. Additionally, advantages and disadvantages of two primary
methods used for the production of gene-edited farm animals: somatic cell nuclear
transfer (SCNT or cloning) and zygote manipulations will be discussed. Furthermore,
we will review agricultural and biomedical applications of gene editing technology.
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INTRODUCTION

The development of CRISPR/Cas9-based genome editing tool has revolutionized the field, and
led to the modification of livestock genomes with much greater simplicity and efficiency (Urnov
et al., 2010; Joung and Sander, 2013; Laible et al., 2015; Lillico et al., 2016; Georges et al., 2019).
CRISPR technology was first applied to the mammalian genome in 2013 (Cong et al., 2013) and
subsequently, expanded to a wide range of cell lines and mammalian species including livestock.
This technology allows for modifications that lead to improvements in livestock production traits,
animal health, and welfare, generation of more refined large animal models of human diseases,
pharmaceutical protein production, and investigating gene function. Since 2014, over 500 research
papers have been published using CRISPR gene editing approach in livestock (pigs, cattle, sheep,
and goats; based on the October 1st, 2020 PubMed search).

Precise genome editing is based on the ability of engineered nucleases ZFNs (Zinc Finger
Nucleases), TALENs (Transcription Activator-Like Effector Nucleases), and CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) to cut the genome in a specific targeted position.
Then, the resulting double-stranded break (DSB) triggers the cell repair mechanism to repair
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the damage by either non-homologous end-joining (NHEJ) or
homology-directed repair (HDR), which introduces a targeted
mutation into a specific genomic location (McMahon et al.,
2012). The CRISPR/Cas9 system is a simple and versatile method
compared to ZFN and TALEN approaches that require the
assembly of the associated engineered proteins for each target.
The efficiency of CRISPR-based genome editing has increased to
the point that the technology allows multiple edits simultaneously
(Georges et al., 2019), which has led to this becoming the method
of choice for introduction of specific genomic modifications in
livestock species. The list of new CRISPR/Cas9-based genome
editing tools is constantly expanding. This review will discuss
the methods developed to improve efficiency and specificity of
gene editing tools as well as approaches that can be employed
for gene regulation, base editing, and epigenetic modifications.
Advantages and disadvantages of two primary methods used
for the production of gene-edited farm animals: somatic cell
nuclear transfer (SCNT) and zygote manipulations will also be
discussed. We will also review the use of gene editing technology
in agriculture and biomedicine.

GENE EDITING TECHNIQUES

Several comprehensive reviews discussing gene-editing
technology and its current status in livestock are available
(Kalds et al., 2019; McFarlane et al., 2019; Kalds et al., 2020; Lee
et al., 2020; Menchaca et al., 2020a; Navarro-Serna et al., 2020),
therefore, we provide an overview of critical landmark events
and recent improvements in the CRISPR/Cas9 field and include
a comprehensive literature review focused on the production of
gene edited farm animals with specific application to agricultural
and biomedical fields.

ZFNs
The chimeric nucleases, ZFNs, were developed in 2001 (Bibikova
et al., 2001) and designed to target and disrupt precise DNA
sequences (Qomi et al., 2019). Zinc fingers are small protein
(20–30 amino acids) motifs regulated by zinc ion that binds
to DNA, recognizing a 3-base pair (bp) sequence. The motifs
have been combined with the genetically engineered restriction
enzyme FokI to create a programmable nuclease with the
ability to identify target sequence sites. The ZFNs are effective
when two zinc finger modules bind to the DNA in sites that
opose each other with the FokI enzyme in the middle, which
forms a homodimer complex. Once the homo-dimerization
is established, the nuclease breaks both DNA strands, and
mutations are randomly inserted (Adli, 2018). The target site can
be designed by changing the residues in a single zinc finger that
alters its specificity for DNA recognition, thus, the finger motifs
can be customized to recognize many different DNA triplet
nucleotides (Carroll, 2017). Although ZFNs were innovative due
to their higher specificity to the DNA sequence, they have a
few major disadvantages, such as an exhaustive time-consuming
process to design a pair of ZFNs against a target sequence. Also,
there are a low number of potential targets in the genome,
which makes this gene editing molecule not applicable to many

studies. In fact, for every 50-bp, only one locus is suitable for this
approach (Qomi et al., 2019).

TALENs
In search of more efficient gene editing tools, in 2009, a
new generation of nucleases, transcription activator-like effector
nuclease emerged. Originally found in the plant pathogenic
bacteria Genus Xanthomonas, the transcription activator-like
effectors (TALEs) are DNA-binding domains containing 33–35
amino acid repeat motifs that identify each of the bps. Its
site-specificity is determined by two hypervariable amino acids
known as repeat-variable di-residues (Gaj et al., 2013). Similar
to ZFNs, TALEs have been engineered to fuse with the DNA-
cutting domain of the FokI nuclease to serve as a gene editing tool
known as TALENs (Adli, 2018). The difference between the ZFNs
and TALENs is related to the number of nucleotides recognized
by the protein domains, 3-bp versus 1-bp, thus making TALENs
more site-specific and less likely to cause an off-target cleavage
(Khan, 2019).

CRISPR/Cas9
Although ZFNs and TALENs have offered vast improvements
for gene manipulation, the most significant discovery came in
2013 when Dr. Zhang and colleagues successfully accomplished
the first CRISPR/Cas9 genome editing in mammals (Cong
et al., 2013). The unusual 29 sequence RNA repeats were
initially found in 1987 by Yoshizumi Ishino at Osaka University
while studying Escherichia coli bacteria. Years later, in 2002,
the molecule was named by Drs. Mojica and Ruud Jansen as
CRISPR, an abbreviation for Clustered Regularly Interspaced
Short Palindromic Repeats (Mojica et al., 2000; Hsu et al.,
2014). CRISPR and CRISPR-associated protein (Cas) can be
easily customized to effectively introduce mutations at specific
locations within genes in mammalian cells (Cong et al., 2013).
The CRISPR/Cas9 complex was elucidated as a primitive
acquired immune system of some bacteria and most of
the archaea species to defend against the foreign DNA of
bacteriophage (Humphrey and Kasinski, 2015). This mechanism
consisted of two phases: immunization and immunity phases. In
the immunization phase, Cas1 and Cas2 endonucleases recognize
the viral genome, break it into small fragments and insert
them into the bacterial genome as repeat-spacer units. During a
subsequent viral invasion (immunity phase), the bacteria produce
precursor-CRISPR RNA (pre-crRNA) based on the previously
captured repeat-spacer units. The pre-crRNA binds to the Cas9
endonuclease and trans-activating crRNA (tracrRNA) forming
the crRNA-Cas9-tracrRNA complex (Marraffini, 2015; Qomi
et al., 2019). The complex is then degraded by RNase III, which
results in the cleavage of each repeat fragment, turning the long
CRISPR precursor into small crRNA guides for targeting the
exogenous DNA. This CRISPR-Cas immunity promotes the DSB
of invading DNA (Marraffini, 2015).

The CRISPR/Cas9 system consists of the Cas9 endonuclease
with putative nuclease and helicase domains bound to a
tracrRNA:crRNA duplex. The crRNA region contains 20
customizable nucleotides at 5′ end that forms the guide RNA
(gRNA) and a repeat region with 12 nucleotides, whereas the
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tracrRNA consists of 14 nucleotides anti-repeat region and three
loops (Mei et al., 2016). The duplex RNA is responsible for
guiding the Cas9 to the specific sequence on the DNA where
the gRNA aligns against the complementary sequence. With the
target sequence found, the helicase domain works by opening
the double strands while the nuclease sites (RuvC and HNH)
perform the DSB of the DNA (Figure 1). Subsequently, the
crRNA:tracrRNA has been genetically engineered to become a
single guide RNA with changeable 5′ nucleotides. In addition to
the gRNA identification, the designed target sequence must be
located upstream to a protospacer-adjacent motif (PAM) – 5′-
NGG-3′ where N can be any of the four known DNA nucleotides
to be recognized by the Cas9 nuclease (Yang, 2015). Experiments
have shown that the Cas9 starts the target site-searching process
by probing a suitable PAM sequence before matching the gRNA
complementary to the DNA. The identification of the site occurs
through the molecular interactions between the gRNA with the
target DNA nucleotides, and once mismatched, the Cas9 rapidly
dissociates from the DNA. The Cas9 only triggers the DSB after a
precise complementarity between the gRNA and the target DNA
have been reached, which provides the energy to the enzyme to
break the DNA (Jiang and Doudna, 2017).

DNA REPAIR MECHANISMS: NHEJ AND
HDR

Genes can be effectively knocked out by merely producing
mutations through a DSB of the targeted gene by engineered
nucleases. After the break, the cells naturally attempt to repair
the damage by using one of the two main repair mechanisms: the
NHEJ and HDR pathways (Riordan et al., 2015).

The NHEJ system is the primary DNA repair mechanism
for DNA DSB. It involves a straight ligation of the blunt
ends, produced by the symmetric break of the DNA, using a
complex of Ku70/80 proteins associated with the DNA Ligase
IV (Pannunzio et al., 2018). NHEJ is the homology-independent

pathway as it involves the alignment of only one to a few
complementary bases for the re-ligation of two ends. It is an
error-prone repair mechanism and frequently results in out-of-
frame mutations (insertions or deletions – indels) in the repaired
sequence. Moreover, even when an appropriate DNA repair takes
place, the CRISPR/Cas9 continues to bind and disrupt the DNA
sequence increasing the possibility of subsequent mutations.
Indels often promote frameshift alteration of the codons, which
leads to a disruption of the protein-coding sequence and often
a premature stop codon (Dow, 2015). Thus, the strategy of gene
inactivation by indels introduction is known as knockout (KO).
The CRISPR/Cas9 tool has being successfully used in many
organisms and cell types (e.g., human, sheep, goat, cattle, pig,
and mouse) (Mei et al., 2016; DeWitt et al., 2017; Xie et al., 2017;
Seki and Rutz, 2018; Jin et al., 2019) with efficiency ranging from
10% to over 90%. Initial use of CRISPR/Cas9 relied on plasmid
transfection, but since CRISPR/Cas9 ribonucleoprotein (RNP)
has become commercially available, RNP delivery provides
higher KO efficiency (DeWitt et al., 2017; Perisse et al., 2020)
and avoids the pitfalls associated with use of DNA plasmid
delivery. The RNP provides fast action to perform DSB and indels
are detectible very shortly after CRISPR/Cas9 RNP delivery.
RNP is cleared from the cells within 24 h, thus, reducing the
risk of off-target mutations. In contrast, plasmid delivery risks
unintentional off target mutation and may also result in a vector
integration into the host genome (DeWitt et al., 2017).

The second DSB repair mechanism is the HDR pathway,
which uses the allelic gene from the sister chromatid as template
DNA for reconstitution of the original sequence (Johnson and
Jasin, 2000). The template DNA provides information to repair
precisely the damaged chromosomes (Yeh et al., 2019). This
repair system is highly specific and precise but in eukaryotic
cells its occurrence is much lower due to the high prevalence
of NHEJ (Riordan et al., 2015). The HDR takes place during
synthesis (S) through G2 phases of the cell cycle (Zhao et al.,
2017). When a sister chromatid is available, cyclin-dependent
kinases 1 and 2 (CDK1/2) phosphorylate C-terminal binding

FIGURE 1 | CRISPR/Cas9 structure. (A) X-ray structure of the Streptococcus pyogenes (Sp) CRISPR/Cas9 system (5F9R.pdb) in the pre-activated state (Jiang
et al., 2016), created using Mol* (Sehnal et al., 2018). Cas9 (gray) is shown in molecular surface. The guide RNA (orange), the target DNA (dark blue), and non-target
DNA (pink) strands are shown as cartoons. (B) A schematic CRISPR/Cas9 ribonucleoprotein structure formed by six domains: Rec I, Rec II, RuvC, HNH, Bridge
Helix, and PAM Interacting domain, and guide RNA targeting DNA. The black arrow heads indicate the cut sites from each RuvC and HNH domains. The
yellow/green nucleotides represent the PAM sequence.

Frontiers in Genetics | www.frontiersin.org 3 January 2021 | Volume 11 | Article 614688

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-614688 January 8, 2021 Time: 11:32 # 4

Perisse et al. Gene Editing in Livestock

protein (CtBP)-interacting protein (CtIP) endonucleases. These
nucleases activate with the MRN (Mre11, Rad50, Nbs1) protein
complex that binds to the damaged DNA strands (Yeh et al.,
2019). Then, CtIP promotes the resection of the damaged DNA,
which is crucial for homologous recombination. The resection
results in a longer 3′ single-stranded DNA (ssDNA) fragments
that are coated by replication protein A (RPA). This protein is
replaced by Rad51 to form a nucleoprotein presynaptic filament,
which facilitates the search for a homologous DNA sequence.
Once the donor DNA is aligned, the new DNA strands are
synthesized followed by the dissociation of Rad51 and ligation of
the DNA breaks (Pawelczak et al., 2018).

IMPROVEMENTS OF CRISPR/Cas9

Cas9 Nickase (nCas9)
This modified Cas9 endonuclease has been engineered to
increase the efficiency of single point-mutation introduction and
specificity to the target gene. The enzyme was modified to cut
a single strand by either the RuvC or the HNH domain (see
Figure 1B) and thus, being named Cas9 “nickase.” The nCas9
(nickase) contains one inactive domain (inactivated through
one amino acid substitution in the protein-coding sequence)
along with another functional domain that retains the ability
to create a single-strand DNA break providing the opportunity
for directed modification. By using two different gRNAs with
targets that are close to each other in combination with a nCas9,
a process known as “double nicking,” the gene editing based on
nCas9 increases the specificity and reduces the chances of off-
target mutation events without affecting the on-target efficacy
(Cho et al., 2014; Adli, 2018). The CRIPSR/Cas9 recognition
mechanism typically may tolerate up to three nucleotide sequence
mismatches between gRNA and target DNA, though as many
as six have been previously reported (Tsai et al., 2015; Tycko
et al., 2016). Undesirable off-target mutations could lead to
alterations in gene expression or protein function, potentially
introduce genotoxicity, and reduce cell viability. It is estimated
that off-target activity can be decreased by 50- to 1,500-fold in
cell lines when using double nicking (Zhang X. H. et al., 2015;
Harrison and Hart, 2018).

Dead Cas9 (dCas9)
Another modified Cas9 is known as nuclease-null deactivated
Cas9 or “dead Cas9.” The dCas9 is designed to prevent double
or single strand DNA breaks. With RuvC and HNH (Figure 1B)
nuclease domains inactive, the CRISPR/dCas9 is capable to find
the target sequence and cause direct transcriptional perturbation
of the gene without causing a damage in the DNA. This dCas9
can be fused with proteins in order to inhibit (CRISPRi) or
activate (CRISPRa) gene expression. For instance, Cas9 fused
with Kruppel-associated box (KRAB) promotes gene repression
whereas the enzyme fused with VP16 or VP64 activates gene
expression (Gilbert et al., 2013; Lawhorn et al., 2014). This
mechanism offers a variety of possibilities to re-write how genes
are traditionally expressed and creates the potential for using
transcription factors and other enzymes to alter the regulation

of epigenetic marks and provides the opportunity to potentially
correct epigenetic disorders (reviewed in Mei et al., 2016).

Base Editing
Base editing was the first breakthrough in the gene editing field
after CRISPR/Cas9 due to the ability to perform precise point-
mutation without a DSB. The first generation of base editor
(BE) was BE1, a CRISPR/dCas9 fused at the N-terminus with
a cytidine deaminase (rat APOBEC1) that produced a direct
conversion of cytidine to uridine, thus effecting a C → T or
G → A substitution (Komor et al., 2016). The BE1 targets
deamination of nucleotides positioned within 4–8 bp that
includes the PAM. However, initially BE1 was not highly effective
in transitioning the U.G pair to a T.G pair due to the intermediate
U.G cell repair mechanism. Dr. Liu and colleagues developed
a novel BE2, a uracil DNA glycosylase inhibitor (UGI), a small
protein from bacteriophage primer binding site (PBS), fused
to the C-terminus of BE1 (Rees and Liu, 2018) to increase
the efficiency of this transition. The BE2 conversion rate is
three-fold higher compared to BE1 in human cells (U2OS
and human embryonic kidney (HEK293T) cells), with indels
formations below 0.1%. To further improve BE efficiency, the
catalytic histidine residue at position 840 was restored in the
Cas9 HNH domain of the BE2, creating the third-generation
BE (BE3). BE3 is significantly more effective, achieving up
to 37% of C-to-T conversion of total DNA (Komor et al.,
2016). Since BE3, many other variants of cytidine BE have
been generated resulting in improved C-to-T editing (Nishida
et al., 2016; Kim et al., 2017; Komor et al., 2017; Koblan
et al., 2018), including the newest BE4max and AncBE4max
(up to 90% base editing efficiency) in HEK293T cells, and YFE-
BE4max (up to 98%) (Koblan et al., 2018; Liu et al., 2020).
These optimized BEs have been efficiently applied in mouse,
rabbit, and pig embryos as well as mouse, rabbit, pig, and
human cells (Kim et al., 2017; Zafra et al., 2018; Xie et al., 2019;
Liu et al., 2020).

In human cells, spontaneous hydrolytic deamination of
cytosine and 5-methylcytosine occurs about 100 to 500 times
per day and results in the formation of uracil and thymine,
respectively. This alteration may result in a permanent C.G to T.A
mutations, which is known to affect about half of all pathogenic
single nucleotide polymorphisms (SNPs). Adenosine base editor
(ABE) is the new generation of base editor approaches that
converts A.T bp to G.C bp, and has potential to revert pathogenic
SNPs (Gaudelli et al., 2017). This ABE system uses laboratory-
developed TadA tRNA deoxyadenosine deaminases fused with
dCas9 to convert adenines into inosines. Ultimately, inosine is
interpreted by polymerases as guanine (Anzalone et al., 2020).
The first engineered ABE 7.8/9/10 exhibited a modest editing
efficiency ranging from 1.7 to 20% in U2OS and HEK293T cells
(Gaudelli et al., 2017). Genetically improved versions are able to
increase the editing efficiency in HEK293T cells up to 52% using
ABEmax (Koblan et al., 2018) and 69% using PAM-expanded
SpCas9 variant (xCas9)-ABE7.10, and also increase the editing
scope of this tool (Hu et al., 2018). Additionally, a modified ABE
(ABE8e) showed the highest editing efficiency (up to 86%) in
HEK293T cells (Richter et al., 2020). This technology has been
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applied for efficient generation of mouse model of human disease
(Liu et al., 2018) and has potential to develop large animal models.

Interestingly, some studies indicated an unexpected C-to-G
edits using ABE at the position 5, 6, and 7 of the protospacer
(numbering beginning from the most distal position to the
PAM) (Grünewald et al., 2019; Kim et al., 2019). This finding
led to a new BE platform, a C-to-G base editor (CGBE1)
(Kurt et al., 2020). This is the first known BE capable of
introducing a transversion mutation (C→G) without a DSB.
The CGBE1 was engineered from BE4max and consisted of
an RNA-guided Cas9 nickase, an E. coli-derived uracil DNA
N-glycosylase (eUNG) and a rat APOBEC1 cytidine deaminase
variant (R33A). In HEK293T cells, highly efficient C-to-G
mutation was observed with an editing frequency ranging from
41.7 to 71.5%. Moreover, they reported that C-to-G edits are
more efficiently introduced in AT-rich sequences in human
cells (Kurt et al., 2020). Therefore, although some of these
BEs need to be improved, they may provide a powerful tool
for safe gene editing in vivo applications to revert inherited
genetic mutations.

Point Mutation Introduction
Here, we defined point-mutation introduction as an intentional
modification of target sequence with a very specific programmed
mutation using either single-stranded oligodeoxynucleotide
(ssODN) or double stranded donor DNA (dsDNA) to insert,
delete or replace nucleotides in the target site. Targeted gene
point-mutation can be genetically engineered to subvert the HDR
system to introduce desired novel and controlled nucleotide
modifications (deletion, insertion, or replacement of known
single nucleotide or small sequences) using a customized
template DNA with homologous arms (HA) to the target site
(Maruyama et al., 2015; Riordan et al., 2015). With the high
capability of CRISPR/Cas9 to produce DSB, both small and
long template DNA can be transfected along with the CRISPR
complex to promote the cell to repair the DSB by HDR using
the introduced DNA template. ssODN or donor vector plasmid
containing target modifications have been commonly used to
perform precise alterations in many cell types (Yoshimi et al.,
2016; Okamoto et al., 2019). The ssODN is a short single-strand
DNA fragments containing the mutation of interest surrounded
by 30 to 60 nt long homologous arms. The ssODN contains a
homology sequence flanking the DSB of the targeted gene, thus,
the gene is altered by knocking-in (KI) the designed mutations in
the break. This approach has been successful in inserting/deleting
or replacing short nucleotides (<50 bp) within the DSB (Paix
et al., 2017). In mammalian cells, ssODN-mediated KIs are more
effective to introduce targeted mutation than the donor plasmid
approach (Yoshimi et al., 2016).

Cas9 Tethering ssODN
Recently, Aird et al. (2018) developed a Cas9 platform to allow
ssODN to be present at the moment when the CRISPR/Cas9
breaks the target sequence. This new modified Cas9 contains
a fused nuclease that is a member of the endonuclease
superfamily, HUH endonuclease (histidine-U-histidine with
the “U” a hydrophobic residue). These endonucleases process

ssDNA through a specific reaction mechanism for cleavage
and ligation of recognized ssDNA site (Chandler et al.,
2013; Nelson et al., 2019). These proteins contain small
domains with the ability to form a covalent ligation to
ssDNA. While the mechanism of this sequence binding
and specificity is poorly understood, it is generally believed
that it involves an identification of a DNA hairpin. The
covalent bond reaction occurs at room temperature and the
phosphotyrosine bond is initiated with the hydroxyl group in
the tyrosine amino acid attacking the phosphate group in the
ssDNA that forces the release of the nucleotides at 5′ end
(Lovendahl, 2018).

Viral HUH-tags endonuclease reacts quickly with ssDNA and
requires no chemical modification in their ssDNA (Lovendahl,
2018; Nelson et al., 2019). A specific HUH domain is found in the
porcine circovirus 2 rep protein (PCV), a virus known to infect
domestic pigs with a plasmid that originated from Pseudomonas
aeuruginosa (Lovendahl, 2018). Aird et al. (2018) created a PCV-
Cas9 that can fuse HUH-domain of PCV to either side of the
Cas9 termini. Then, ssODN is designed to contain 13 nucleotides
of recognition sequence at 5′ terminus to be covalently bond
to PCV domain. The combination has been shown to improve
the HDR up to 30-fold in both HEK293T and U2-OS cell
lines targeting different genomic sequences. Nonetheless, these
researchers found that a PCV fused at the N-terminus in the
Cas9 (PCV-Cas9), resulted in a much higher point mutation
efficiency than the domain fused to the C-terminus (Cas9-
PCV). The mechanism of such difference is not fully understood.
Moreover, they found that lower concentrations of Cas9-PCV
RNP (1.5 pmol) enhanced the HDR efficiency up to 15- to 30-fold
(Aird et al., 2018). Thus, the tethering between Cas9 to ssODN
may significantly improve CRISPR/Cas9 gene editing efficiency.

Prime Editor
The newest gene editing tool known as prime editor (PE),
is one of the most accurate approaches for point-mutation
introduction with great therapeutic potential to restore human
genetic inherited mutations (Anzalone et al., 2019). This new
concept of prime editing has been designed to insert point
mutations without using a donor DNA template for the HDR
pathway, or even performing a DSB in the target sequence.
This gene editing tool – PE, is a catalytically impaired nCas9
(H840A) that is fused with a reverse transcriptase (RT-nCas9)
with the capacity to be transfected along with a prime editing
guide RNA (pegRNA). The molecular mechanism of prime
editing involves the regular identification of DNA target with
20 nucleotides at the 5′ end of the pegRNA and a long 3′
end extending to interact with the opposite strand of the target
sequence. The RT-nCas9 breaks the single-strand DNA via
the RuvC nuclease domain. Then, the tip of the 3′ end of
pegRNA, which contains a PBS, aligns against the broken DNA
strand. The RT-nCas9 uses the pegRNA template containing the
modification site upstream to the PBS to synthesize a brand-
new sequence (Anzalone et al., 2019). Dr. David Liu’s laboratory
has undoubtedly demonstrated the effectiveness of the prime
editing for the introduction of targeted insertions and deletions
without performing a DSB in cells (Anzalone et al., 2019).

Frontiers in Genetics | www.frontiersin.org 5 January 2021 | Volume 11 | Article 614688

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-614688 January 8, 2021 Time: 11:32 # 6

Perisse et al. Gene Editing in Livestock

They performed 175 edits in human HEK293T cells typically
achieving 20 to 50% editing efficiency, with less than 10%
of indels. Prime editing holds remarkable promise for gene
editing, but this technology is still immature and additional
studies are needed to fully realize the prime editing potential
(Yan et al., 2020).

The prime editing has been applied in mouse cells (mouse
neuro-2a (N2a) cells) of which the prime editor 3 (PE3) mediated
base transversion at three target sites of Hoxd13 and androgen
receptor genes with an efficiency from 8 to 40% (Liu et al., 2020).
Moreover, zygote microinjection of pegRNAs, targeting the same
Hoxd13 gene led to successful conversion mutations. G-to-C and
G-to-T conversions were found in 8 out of 18 (44%) and 12 out
of 16 (75%) blastocysts, respectively, with mutation frequencies
ranging from 1.1 to 18.5% in each embryo. Additionally, injected
mouse embryos were transferred into surrogate mothers. Eight
out of 30 mice contained the conversion mutation (editing
efficiency of G-to-C above 1%) as well as two out of 19 mice
presented conversion mutation (editing efficiency of G-to-T
above 1%) (Liu et al., 2020).

Chemically Modified ssODN
Due to the low rate of homologous recombination in the cell,
different approaches were developed to improve the point-
mutation efficiency through HDR pathway. Although, chemical
reagents have been vastly applied (Maruyama et al., 2015; Robert
et al., 2015; Vartak and Raghavan, 2015; Yu et al., 2015; Song
et al., 2016; Khan et al., 2018; Kostyushev et al., 2019) to
improve KI by either stimulating HDR pathway (e.g., RS-1,
L755507, and Brefeldin A) or inhibiting the NHEJ (e.g., SCR7,
NU7441, NU7026, KU-0060648, and VX-984), the potential
adverse effects caused by these small molecules remains unknown
(Okamoto et al., 2019).

Chemically modified donor oligonucleotides have also been
developed to increase the KI efficiency. The ssODN has been
developed by using the designed donor DNA with chemical
modification of its structure. Although the mechanism by
which ssODN-mediated DNA repair occurs is still not fully
understood, these molecules are very useful tools for precise
gene editing (Davis and Maizels, 2016; Kan et al., 2017).
Renaud et al. (2016) demonstrated that subtle modifications
in the ssODN can not only significantly improve gene editing
efficiency but also increase the flexibility of the DNA to
insert longer DNA sequences. This approach consists of the
replacement of some phosphates in the ssODN sequence
structure by phosphorothioate. In this molecule, one of
the oxygens not involved in the phosphodiester ligation
between two nucleotides is changed to Sulfur atom (S), thus,
forming the phosphorothioate (O3PS−3) bond. Two of these
modified phosphates are added in both 5′ and 3′ ends of
the ssODN sequence. Renaud et al. (2016) reported that KI
using phosphorothioate ssODN may improve gene editing
efficiency up to three-fold in cell lines when compared to the
conventional phosphodiester ssODN. In another study using
phosphorothioate ssODN, Harmsen et al. (2018) investigated
the effects of phosphorothioate in sense and antisense ssODN,
as well as the presence of a single phosphorothioate in either

5′ or 3′ ends. They evaluated the efficiency of introducing
a point-mutation of a single nucleotide replacement located
42 nt away from the DSB site using a 120 nt ssODN.
The findings indicate that the 3′ phosphorothioate enhances
gene editing by promoting integration of nucleotides away
from the DSB. Also, they propose a critical role of the
mismatch repair pathway at the 3′ end of ssODN that
enables gene editing far away from the break, which removes
the mismatch, and ssODN sequence is copied into genome
(Harmsen et al., 2018).

In addition to use in ssODN, gRNAs have been adapted to
be chemically synthesized as 2′-O-methyl-3′-phosphorothioate-
modified gRNAs. The phosphorothioate results in an increase
in stability and protects against exonucleases, as well as it
improves gene editing efficiency of CRISPR/Cas9 to over 90%
(Hendel et al., 2015; Hoellerbauer et al., 2020). Moreover,
phosphorothioate-modified gRNAs have reduced off-target risk
compared to the gRNA from plasmid or viral delivery (Cameron
et al., 2017). The chemically modified oligonucleotide concept
also led to the development of chemically modified dsDNA,
which has recently been applied in HEK293T cells and led to up
to 65% targeted-insertion efficiency of long fragments of DNA,
discussed in the next section (Yu et al., 2020).

Targeted Integration of Long dsDNA
Transfection or injection of long DNA fragments containing
a gene of interest has been used as a strategy to express
foreign genes in cells in vitro (Kohn et al., 1987; Bayna
and Rosen, 1990) and for the production of GE animals.
However, targeted integration has been a challenge due to
the low rate of HDR in the cells and the high probability
of random integration (reviewed by Bischoff et al., 2020).
Different approaches to improve the integration of long
fragments of DNA have been developed, including CRISPR/Cas9
mediating homologous recombination (HR), microhomology-
mediated end-joining (MMEJ) targeted integration, homology-
mediated end joining (HMEJ)-based targeted integration, and
the NHEJ-mediated KI named homology-independent targeted
integration (HITI) (Suzuki et al., 2016; Wu et al., 2016; Yao
et al., 2017a,b). Often these approaches aim to accomplish
specific targeted integration of genes of interest into what
is known as safe harbor’ genes, such as Rosa26, adeno-
associated virus integration site 1 (AAVS1), and H11 (Ruan
et al., 2015; Wu et al., 2016; Xie et al., 2017). These
sites in the genome are able to accommodate the transgene
integration that ensures its high transcriptional activity in
embryonic and adult tissues, and does not suppress critical
endogenous genes (Ruan et al., 2015; Oceguera-Yanez et al.,
2016; Weber et al., 2016; Wu et al., 2016; Yu et al., 2019;
Kelly et al., 2020).

The HR was the first strategy used for targeted integration,
and its approach consists of using long homologous sequences
copied from the target site to induce DNA repair through the
HDR pathway using the DNA template (Capecchi, 1989). The
HR allows a precise mechanism for modifications of the genome
of cells in vitro and has been extensively used to investigate
gene function and to generate mouse models of human diseases
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(Zwaka and Thomson, 2009). The initial applications aimed to
either alter the genes’ reading frame, producing gene KO, or
introduce exogenous genes (KI) (Rosenthal and Brown, 2007).
The ability to generate mice with specific genetic alterations
has revolutionized biomedical research (Zwaka and Thomson,
2009). These targeting vectors are commonly constructed using
backbone vector, such as MultiSite Gateway

R©

technology. The
constructed vector contains the following basic components:
either a gene of interest downstream to a constitutive promoter
(e.g., cytomegalovirus promoter) or a modified target sequence;
a selectable marker, which frequently is an antibiotic resistance
gene (e.g., hygromycin and puromycin) or some fluorescence
protein (e.g., GFP) for identification of the colonies containing
the insert; the last components are homologous sequences
(>500 bp each) flanking the insert (Conlon, 2006; Iiizumi et al.,
2006). Once assembled, the vector is linearized for transfection
into the cells using some transfection-based methods – viral
particles, electroporation, lipid-mediated transfection, etc. (Kim
and Eberwine, 2010). CRISPR/Cas9 co-transfected with a
targeting vector could facilitate HDR by creating the DSB
in the target site (Meyer et al., 2010; Sommer et al., 2014;
Wu et al., 2016).

Although NHEJ and HDR are well known DNA repair
pathways, a third not so popular pathway was discovered over
the last decade, MMEJ pathway. MMEJ forms an alternative
end-joining to repair DSB via microhomology (5 to 25 bp)
between the sequences. This pathway is known to be associated
with abnormalities in the cell, such as deletions, translocations,
inversions, and other complex rearrangements (McVey and Lee,
2008; Yao et al., 2017b). The MMEJ pathway shares aspects
with NHEJ and HDR since it joins the DSB ends without
a template, like NHEJ, and MMEJ requires initial DSB end
resection, similar to HDR. MMEJ initiation requires short-
sequence resection of DSB ends to disclose the homologies,
which also initiates HDR (Yeh et al., 2019). Moreover, MMEJ
pathway seems to compete with HDR in the DNA repair,
as MMEJ is active in the S and early M phases, whereas
HDR is activated in late S- to G2 phase (Zhao et al., 2017;
O’Brien et al., 2019). MMEJ-mediated targeted integration is also
known as PITCh (Precise Integration into Target Chromosome)
system (Sakuma et al., 2016) that has been shown to have an
increased efficiency for targeted integration. The first studies
to successfully introduce a donor plasmid by microhomology
PITCh system was mediated by TALENs and CRISPR/Cas9 in
silkworms and frogs (Nakade et al., 2014). In another study,
PITCh system was used along with CRISPR/Cas9 for a gene
cassette KI in human cells and mouse zygotes (Aida et al., 2016).
They successfully knocked-in 5 kb gene cassette by MMEJ-based
target integration in mice with 10% efficiency. Additionally, co-
delivery of the PITCh system with Exo1 improved KI efficiency
in this study to 30%. Yao et al. (2017b) reported that MMEJ-
mediated targeted integration has increased KI efficiency up
to 10-fold when compared to the standard HR approach in
mouse tissue. Thus, MMEJ-mediated integration is a robust
approach to KI gene of interest through both ex vivo and
in vivo and may offer broader applications in gene therapy
(Yao et al., 2017b).

The CRISPR/Cas9-mediated HMEJ is the third alternative
method for insertion of long DNA fragments into a host
genome. HMEJ relies on CRISPR/Cas9-mediated cleavage of
both constructed transgene vector and target genome site. The
donor plasmid contains HAs with approximately 800 bp and the
targeted genome gRNA site at the 5′ end of the left HA, as well
as the 3′ end of the right HA (Banan, 2020). This strategy may
take advantage of HDR pathway as well as a HMEJ pathway (Yao
et al., 2017a). Yao et al. (2017a) demonstrates that HMEJ strategy
provides the highest targeted integration efficiency (up to 27%
KI) when compared to HR, MMEJ, and NHEJ approaches in
HEK293T cells, mouse primary astrocytes, and neurons cells, as
well as mouse and monkey embryos.

The newest potential approach for targeted integration is
the HITI. This method is a NHEJ-mediated KI, which works
independent from HDR for targeted insertion and provides a
robust donor vector for both dividing and non-dividing cells
(Suzuki et al., 2016). This concept has been highly efficient to KI
donor vectors with low rates of off-target mutations in vitro and
in vivo (Suzuki and Belmonte, 2018). The method is based on the
transfection of a minicircle vector produced from pre-minicircle
plasmids containing the target site of CRISPR/Cas9 inside of the
minicircle. Suzuki et al. (2016), demonstrated the potential of
HITI with 56% efficiency of targeted insertion of IRESmCherry
in mouse neurons, while keeping the indels mutations at the
same target site at the low level (5 to 10%). Moreover, their
findings present high on-target specificity of HITI (90–95%).
Among all evaluated cells, 30–50% showed biallelic transgene
integration (Suzuki et al., 2016). Shi et al. (2020) applied HITI
along with CRISPR/Cas9 targeting to the ovalbumin (OVA) locus
in chicken DF-1 and embryonic fibroblast cells. EGFP cassette
was introduced into the OVA locus via HITI and the GFP
expression activated by endogenous OVA promoter using the
dCas9-VPR transactivating approach (Shi et al., 2020). In another
study, an efficient transgenesis using HITI was performed in
ferret embryos. An 8 kb cassette expressing Tomato/EGFP was
inserted into intron 1 of the Rosa26 locus. Zygotes (n = 151) were
microinjected with the plasmid and CRISPR/Cas9 RNP. Five out
of 23 offspring exhibited the reporter expression (Yu et al., 2019).
Therefore, HITI method offers a great enhancement over the
other methods as it takes advantage of NHEJ for gene insertion.

Gene insertion approaches have received a new endorsement
using chemically modified oligonucleotides. Recently, Yu et al.
(2020) inserted different types of modifications into dsDNA
to evaluate the effect of chemically modified dsDNA to
improve gene insertion into target integration site. The recent
results demonstrate that using short homologous arms (50 bp)
containing 5′-modified double-stranded modification, the KI
rates for long inserts (2.5 kb) was up to 40%, whereas for
short inserts (0.7 kb) reached an unprecedented rate of 65% in
HEK293T cells. Moreover, up to five-fold increase of gene KIs was
observed in different loci of human cancer and stem cell genomes.
The chemical modification that provided such an improvement
was a C6-PEG10 at the 5′ end of each homologous arm (Yu
et al., 2020). Although the approach has not been tested in other
cell types, including animals, the chemically modified dsDNA
may become a solution for insertion of gene of interest in the
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target sequence with higher efficiency when compared to the
traditional approaches.

PRODUCTION OF GENE EDITED FARM
ANIMALS

Zygote Manipulation
The first Genetically Engineered (GE) farm animals were
produced 35 years ago by DNA microinjection into the
pronucleus of zygotes (Hammer et al., 1985). Transgenic animals
were successfully produced in several species including mice
(Gordon et al., 1980), rabbits, pigs, sheep, cattle, and goats by
injection of genes of interest into the pronucleus of a zygote
(review by Wall, 1996). At that time, this technique was suffering
from several serious limitations (Wilmut and Clark, 1991; Pursel
and Rexroad, 1993). The most profound constraint was that
DNA can only be added, not deleted, or modified in situ.
Also, the integration of foreign DNA was random leading to
erratic transgene expression due to the integration site effect.
Furthermore, random integration has a risk for the disruption
of essential endogenous DNA sequences or activation of cellular
oncogenes, both of which could have deleterious effects on
the animal’s health. Finally, GE animals generated using zygote
microinjection are commonly mosaic, i.e., when desired genetic
alteration is not present in all cells (Wieland et al., 1990).
Therefore, the production of the required phenotype coupled to
germ line transmission could require the generation of several
transgenic founder lines followed by breeding.

Advances in CRISPR/Cas9 genome editing significantly
improved the ability to precisely disrupt genes and/or introduce
specific mutations by direct zygote manipulation (pronuclear or
cytoplasmic injection, or electroporation; Navarro-Serna et al.,
2020). Recently, a high efficiency of generating indels mutations
in bovine and porcine zygotes via electroporation was reported
(Miao et al., 2019). This method greatly simplifies generation of
GE livestock as it does not require micromanipulation expertise.
However, genetic mosaicism continues to be a major challenge
using zygote manipulation approach (reviewed by Mehravar
et al., 2019). Mosaicism emerges when DNA replication precedes
CRISPR-mediated genome edition, which greatly reduces the
likelihoods for direct KO generation. The impact of mosaicism
could be even more devastating if both somatic and germline
mosaicism are present in the offspring. One of the approaches
proposed to reduce genetic mosaicism is an introduction of
CRISPR/Cas9 into either metaphase II (MII) oocyte or a very
early zygote stage. Electroporation of Cas9 RNP into an early
zygote stage has eliminated mosaic mutants in mice (Kim
et al., 2014; Hashimoto et al., 2016). However, injection of
CRISPR/Cas9 into MII oocytes did not reduce mosaicism
compared to the zygote injection in sheep and cattle (Lamas-
Toranzo et al., 2019; O’Neil et al., 2020). Inability of CRISPR to
recognize its target locus prior to some degree of chromatin de-
condensation took place might be a reason for these somewhat
surprising outcomes.

Shortening longevity of Cas9 by accelerating its degradation
is another possible tactic for reducing mosaicism. This can

be accomplished by tagging Cas9 with ubiquitin-proteasomal
degradation signals that facilitate the Cas9 degradation.
Alternatively, to completely eliminate the risk of mosaicism
nuclear transfer approach using GE cells could be considered.

Somatic Cell Nuclear Transfer – Cloning
Somatic cell nuclear transfer was initially developed in sheep with
the birth of Dolly in 1996 (Wilmut et al., 1997). The technology
was later established for other key livestock species: cattle (Cibelli
et al., 1998), goats (Baguisi et al., 1999), pigs (Polejaeva et al.,
2000), and equine (Woods et al., 2003), providing the first
cell-mediated platform for livestock genetic engineering. Precise
genetic manipulations are introduced in somatic cells (typically
fetal fibroblasts), followed by the isolation of single-cell-derived
colonies and cell screening to confirm that the desired genetic
modifications are present in the cells. Subsequently, the cells
are used as donor cells for SCNT (Schnieke et al., 1997; Clark
et al., 2000; McCreath et al., 2000; Dai et al., 2002; Phelps et al.,
2003). This method has a major advantage compared with zygote
manipulation approach for GE animal production, because the
entire animal is derived from a single GE donor nucleus, thus
the risk of mosaicism is eliminated (Polejaeva and Campbell,
2000). However, this method is more technically challenging and
typically has a low term development rate. Additionally, potential
cloning related epigenetic alterations might contribute to the
GE animal phenotype, thus generation of F1 animals is often
desirable for a proper characterization of GE models. Despite
these limitations, SCNT continues to be the primary method for
the production of the KI gene edited livestock, with nearly 70%
of the published work was conducted using this methodology
(Table 3). Additionally, about half of the published KO farm
animals were generated using SCNT (Tables 1, 2). GE animals
produced by SCNT often required the use of fewer recipient
animals compared to the number of animals needed for the
zygote micromanipulations (Schnieke et al., 1997).

GENE EDITING APPLICATIONS IN
AGRICULTURE

The global demand for animal products is substantially growing,
driven by a combination of burgeoning population, urbanization,
and income growth. However, approximately one billion people
in the world are still chronically malnourished (Godfray
et al., 2010). Global climate change will only exacerbate the
lack of animal protein production (McMichael, 2012). Present
efforts to satisfy global food needs are degrading an already
burdened environment (Foley et al., 2011; Tilman et al., 2011).
Improvements in the efficiency of animal production and
food safety are becoming more important considerations for
protection of the environment and reduction in land usage (Clark
and Whitelaw, 2003). The United Nations (UN) predicts world
population will reach 9.8 billion by mid-century (United Nations,
2020), and therefore, calls for use of innovative strategies and new
technologies to double food production by 2050 in order to meet
demand from the world’s growing population. According to the
UN, this increased production must come from virtually the same
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TABLE 1 | CRISPR-meditated gene knockout in livestock: agricultural applications.

Species Gene Purpose of manipulation Approach Mosaicism (%) References

Sheep ASIP Coat color pattern MI 2/5 (40.0%) Zhang X. et al. (2017)

FGF5 Wool growth MI (6.3–100%) Hu et al. (2017), Li W. R. et al. (2017), Zhang R.
et al. (2020)

MSTN, ASIP, and
BCO2

Economically important traits MI 2/2 (100%) Wang X. et al. (2016b)

MSTN Meat production MI or SCNT (0–100%) Deng et al. (2014); Crispo et al. (2015), Zhang Y.
et al. (2019); Yi et al. (2020)

Goat BLG Milk quality MI 3/4 (75.0%) Zhou et al. (2017)

MSTN and FGF5 Meat and cashmere production MI 5/10 (50.0%) Wang X. et al. (2015a)

MSTN Meat production MI or SCNT (0–100%) Ni et al. (2014); Guo et al. (2016), He et al. (2018);
Zhang Y. et al. (2019)

NANOS2 Surrogate sires for genetic dissemination SCNT N/A Ciccarelli et al. (2020)

EDAR Cashmere yield SCNT N/A Hao et al. (2018)

Pig IGF2 regulatory
element

Meat production MI (nCas9) 6/6 (100%) Xiang et al. (2018)

NANOS2 Surrogate sires for genetic dissemination MI 6/18 (33.3%) Park et al. (2017)

ANPEP Viral resistance MI 1/9 (11.1%) Whitworth et al. (2019)

CD163 Resistance to PRRS virus MI, EP, or SCNT No Whitworth et al. (2014); Yang et al. (2018), Tanihara
et al. (2019)

IRX3 Reduced fat content in Bama minipigs SCNT N/A Zhu et al. (2020)

NANOS2 Surrogate sires for genetic dissemination SCNT N/A Ciccarelli et al. (2020)

MSTN Meat production SCNT N/A Wang K. et al. (2015), Wang K. et al. (2017), Li R.
et al. (2020)

CD163 and pAPN Viral resistance SCNT N/A Xu et al. (2020)

FBXO40 Meat production SCNT N/A Zou et al. (2018)

Cattle NANOS2 Surrogate sires for genetic dissemination MI 1/3 (33.3%) Ciccarelli et al. (2020)

SCNT, somatic cell nuclear transfer; MI, zygote microinjection; EP, zygote electroporation; nCas9, Cas9 nickase; N/A, not applicable.

land area as today. Thus, the need for innovation through new
technologies is essential for the future of people, communities,
and natural resources. The recent development of gene editing
combined with the animal production technologies provide the
potential for accelerating the genetic improvement of livestock,
including alteration of production traits, enhancing resistance
to disease, reducing the threat of zoonotic disease transmission,
and improvement of livestock welfare (Tan et al., 2013). Genetic-
based increases in sustainable animal productivity will be a key to
meet the global food demand.

Improving Livestock Production Traits
Examples of gene editing application for livestock production
trait improvements are provided in this section. Additionally,
a comprehensive summary included in Tables 1 and 2. Key
interest areas covered under agricultural umbrella include
meat and fiber production, improvements in milk quality, and
reproductive performance, as well as disease resistance and
animal welfare (Figure 2).

Myostatin (MSTN), a negative regulator of skeletal muscle
mass (McPherron et al., 1997) is the most frequent target of gene
editing, as MSTN KO offers a strategy for promoting animal
muscle growth in livestock production. Myostatin (previously
called GDF-8) was originally identified in a screen for new
members of the TGF-ß superfamily in mammals (McPherron
et al., 1997). In adult tissues, myostatin is expressed almost

exclusively in skeletal muscle, but clearly detectable levels of
myostatin RNA are also present in adipose tissue (Roberts and
Goetz, 2003; Lee, 2004). The function of myostatin was elucidated
through gene KO studies, in which myostatin KO mice have
about a doubling of skeletal muscle weights throughout the body
as a result of a combination of muscle fiber hyperplasia and
hypertrophy (McPherron et al., 1997). The myostatin gene has
been analyzed in many different species and has been found to be
extraordinarily well conserved. Natural gene mutations of MSTN
have also been reported in some cattle breeds (Grobet et al.,
1997, 1998), sheep (Boman et al., 2009), dogs (Mosher et al.,
2007), and human (Schuelke et al., 2004). These animals show
a double-muscled phenotype of dramatically increased muscle
mass, and still viable and fertile (Grobet et al., 1997, 1998; Mosher
et al., 2007; Boman et al., 2009). Moreover, pharmacological
agents capable of blocking MSTN activity have been shown to
cause significant increases in muscle growth when administered
systemically to adult mice (Bogdanovich et al., 2002; Whittemore
et al., 2003; Lee et al., 2005), demonstrating that MSTN plays
a critical role in regulating muscle homeostasis postnatally by
suppressing muscle growth. Successful disruption of the MSTN
gene by gene editing was reported in sheep, goats, and pigs that
lead to enhance animal growth performance (Deng et al., 2014;
Ni et al., 2014; Wang K. et al., 2015).

Another potential candidate gene for improving meat
production in livestock and for developing therapeutic
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TABLE 2 | CRISPR-meditated gene knockout in livestock: biomedical applications.

Species Gene Purpose of manipulation Approach Mosaicism (%) References

Sheep PDX1 Pancreas-deficient model development MI 2/2 (100%) Vilarino et al. (2017)

BCO2 b-carotene metabolism research MI 2/6 (33.3%) Niu Y. et al. (2017)

CFTR Cystic fibrosis model SCNT N/A Fan et al. (2018a)

Goat IGHM Human polyclonal antibody production SCNT N/A Fan et al. (2018b)

Cattle GGTA and CMAH Xenotransplantation SCNT N/A Perota et al. (2019)

Pig SCD5 Chronic Maxillary Sinusitis and Dysostosis
diseases

MI No Carey et al. (2019)

CMAH Viral resistance MI 3/5 (60.0%) Tu et al. (2019)

Ig-JH Hepatitis E virus pathogenicity MI No Yugo et al. (2018)

ULBP1 Xenotransplantation MI (nCas9) No Joanna et al. (2018)

TMPRSS2 Resistance to influenza viruses MI 5/12 (41.7%) Whitworth et al. (2017)

PDX1 Lack of pancreas, regenerative medicine MI 2/3 (66.6%) Wu et al. (2017)

DMD Duchenne muscular dystrophy model MI 1/1 (100%) Yu et al. (2016)

PARK2, DJ-1, and
PINK1

Parkinson’s disease model MI 2/2 (100%) Wang X. et al. (2016a)

RAG2 and IL2RG Model for severe combined
immunodeficiency

MI 3/17 (17.6%) Lei et al. (2016)

NPC1L1 Human cardiovascular and metabolic
diseases

MI 5/11 (45.5%) Wang Y. et al. (2015)

MITF Human Waardenburg and Tietz syndromes MI No Wang X. et al. (2015b), Hai et al. (2017)

vWF Model of von Willebrand disease MI Most pigs Hai et al. (2014)

EDA Lung disease model MI No Ostedgaard et al. (2020)

GRB10 GRB10 role in insulin resistance and obesity MI or EP No Sheets et al. (2016)

GGTA1 Xenotransplantation MI or EP 0–40.0% Petersen et al. (2016); Chuang et al. (2017),
Tanihara et al. (2020)

TP53 Model with tumor phenotypes EP 5/6 (83.3%) Tanihara et al. (2018)

IL2RG Immunodeficiency model SCNT N/A Ren et al. (2020)

SIX1 and SIX4 Kidney-deficient model SCNT N/A Wang J. et al. (2019)

B2M Xenotransplantation SCNT N/A Sake et al. (2019)

GGTA1,β4GalNT2,
CMAH

A source of Bioprosthetic heart valves SCNT N/A Zhang R. et al. (2018)

ApoE Models of atherosclerosis SCNT N/A Fang et al. (2018)

INS Diabetes research SCNT N/A Cho et al. (2018)

TPH2 5-HT deficiency and behavior abnormality SCNT N/A Li Z. et al. (2017)

Hoxc13 Ectodermal dysplasia–9 disease SCNT N/A Han et al. (2017)

GGTA1 and CMAH Xenotransplantation SCNT or sSCNT N/A Fischer et al. (2016); Gao et al. (2016)

PERV PERV-inactivated animals,
xenotransplantation

SCNT N/A Niu D. et al. (2017)

C3 Roles of C3 in human diseases SCNT N/A Zhang W. et al. (2017)

IL2RG Severe combined immunodeficiency SCNT N/A Kang et al. (2016a)

RUNX3 Cancer model SCNT N/A Kang et al. (2016b)

Ig-JH B cell-deficient model for h Ab production SCNT N/A Chen et al. (2015)

TYR Oculocutaneous albinism type 1 disease SCNT (nCas9) N/A Zhou et al. (2015)

PARK2 and PINK1 Parkinson’s disease SCNT N/A Zhou et al. (2015)

GGTA1, CMAH &
iGb3S

Xenotransplantation SCNT N/A Li et al. (2015)

CD1D Models for biomedicine SCNT N/A Whitworth et al. (2014)

Class I MHC Model for immunological research SCNT N/A Reyes et al. (2014)

ApoE and LDLR Human cardiovascular disease SCNT N/A Huang et al. (2017)

SCNT, somatic cell nuclear transfer; sSCNT, serial SCNT; MI, zygote microinjection; EP, zygote electroporation; nCas9, Cas9 nickase; N/A, not applicable.

interventions for muscle diseases is FBXO40 protein coding
gene, a member of the F-box protein family. Expression of
FBXO40 is restricted to muscle, and mice with an Fbxo40 null
mutation exhibit muscle hypertrophy. FBXO40 KO pigs have

been recently produced but exhibited only marginal increase in
muscle mass (4%) compared to WT controls (Zou et al., 2018).
The KO pigs developed normally, and no pathological changes
were found in major organs.
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FIGURE 2 | Schematic summary of CRISPR/Cas9 gene editing using either zygote micromanipulation (electroporation or microinjection) or somatic cell nuclear
transfer (SCNT) for generation of livestock animals for various applications.

The whey protein β-lactoglobulin (BLG) is a major milk
allergen which is absent in human milk. BLG KO goat and cows
have been produced by CRISPR/Cas9 and zygote microinjection
and ZFNs gene editing and SCNT, respectively (Zhou et al., 2017;
Sun et al., 2018). Western blot results showed that the BLG
protein had been abolished in the milk of the BLG KO goat.
In comparison with WT goats, BLG KO goats have exhibited a
decreased level of fat, protein, lactose, and solid not fat in the milk
by 5.49, 7.68, 7.97, and 7.7%, respectively.

In several studies two or three genes were targeted
simultaneously leading to double or triple gene KOs (Wang
X. et al., 2016b). For instance, MSTN and FGF5 KO goats
were produced to improve meat production and cashmere yield
(Wang X. et al., 2015a). Fibroblast growth factor 5 (FGF5), a
secreted signaling protein that inhibits hair growth by blocking
dermal papilla cell activation and is regarded as the causative
gene underlying the angora phenotype (long hair coat). The
efficiency of disrupting MSTN and FGF5 in 98 tested animals
was 15 and 21%, respectively, and 10% of the animals had
double gene KOs.

A concept of “surrogate sires” was recently validated for pigs,
goats, and cattle (Ciccarelli et al., 2020) by demonstrating that
the NANOS2 gene KO males generated by CRISPR/Cas9 editing
have testes that are germline ablated but otherwise structurally
normal. Subsequent, spermatogonial stem cell transplantation
(SSCT) with allogeneic donor stem cells led to sustained donor-
derived spermatogenesis. This prove of principle study has great
potential for dissemination of elite livestock genetics.

Improving Health and Welfare
Porcine reproductive and respiratory syndrome virus (PRRSV)
causes severe economic losses to current swine production
worldwide. Highly pathogenic PRRSV (HP-PRRSV), originated
from a genotype 2 PRRSV, is more virulent than classical PRRSV
and further exacerbates the economic impact. Several groups
successfully generated CD163 KO pigs using CRISPR/Cas9 gene
editing (Whitworth et al., 2014; Yang et al., 2018; Tanihara
et al., 2019). Challenge with either the NVSL 97-7895 PRRSV

virulent virus isolate (Whitworth et al., 2016) or the HP-
PRRSV strain (Yang et al., 2018) showed that CD163 KO pigs
are completely resistant to viral infection manifested by the
absence of viremia, antibody response, high fever or any other
PRRS-associated clinical signs. By comparison, wild-type (WT)
controls displayed typical signs of PRRSV infection (Whitworth
et al., 2016; Yang et al., 2018). More recently, Whitworth
et al. showed that amino peptidase N (APN) deficient pigs
are fully resistant to transmissible gastroenteritis virus (TGEV),
but not porcine epidemic diarrhea virus (PEDV) (Whitworth
et al., 2019). Additionally, porcine alveolar macrophages derived
from the APN-deficient pigs showed resistance to porcine
deltacoronavirus (PDCoV). However, lung fibroblast-like cells
derived from these animals supported a high level of PDCoV
infection indicating that APN is a dispensible receptor for
PDCoV (Stoian et al., 2020).

Double-gene-knockout (DKO) pigs containing KOs for
known receptor proteins CD163 and pAPN are reported to be
completely resistant to genotype 2 PRRSV and TGEV (Xu et al.,
2020). Additional infection challenge experiments have shown
that these DKO pigs exhibit decreased susceptibility to PDCoV,
thus providing in vivo evidence that pAPN as likely to be one of
PDCoV receptors.

Prion diseases, such as scrapie in goats or sheep, bovine
spongiform encephalopathy (BSE) in cattle and Creutzfeldt-
Jakob disease (CJD) in humans, are a group of fatal and
infectious neurodegenerative disorders of the central nervous
system (CNS) (Prusiner, 1998). There is considerable evidence
that the prion diseases are caused by propagation of misfolded
forms of the normal cellular prion protein (PrP) (Aguzzi et al.,
2008). The pathogenic form of this protein appears to be devoid
of nucleic acids and supports its own amplification in the
host. This self-propagating process allows for the exponential
increase and accumulation of misfolded PrP in cells, resulting
in a disruption of cell function and ultimately cell death (Aguzzi
et al., 2008). Prion diseases have had important economic impact,
resulting in billions of dollars in lost earnings in many countries
due to trade embargos and weakened consumer confidence.
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This has energized efforts to understand prion diseases as
well as to develop tools for disease detection, prevention,
and management. More interestingly, while the cellular PrP is
absolutely required for disease pathogenesis, it is dispensable
for normal animal development. Disruption of PrP expression
in mice resulted in no apparent developmental abnormalities
(Bueler et al., 1993; Manson et al., 1994). Moreover, cattle devoid
of PrP are clinically, histopathologically, immunologically, and
physiologically normal, and the brain tissue homogenates from
PrP KO cattle are resistant to prion propagation in vitro (Richt
et al., 2007). PrP KO livestock will improve food safety, which
will potentially relieve food crisis in the future (Ni et al., 2014).

Disease causing mutations can also be effectively corrected
using gene editing techniques. Ikeda et al. were able to repair
a recessive mutation responsible for isoleucyl-tRNA synthetase
(IARS) syndrome in Japanese Black cattle (Ikeda et al., 2017).
Selective breeding for more than 60 years has yielded high
meat quality famous for its distinctive marbling but has also
resulted in the accumulation of recessive mutations that cause
genetic diseases. The c.235G > C (p.Val79Leu) substitution in
the IARS gene causes a 38% reduction in the aminoacylation
activity of the IARS protein, which impairs protein synthesis.
Homozygous mutant calves exhibit neonatal weakness with
intrauterine growth retardation.

In modern livestock, daily management of horned cattle
pose a high risk of injury for each other as well as for
the farmers. Dehorning is associated with stress and pain
for the calves and raises concerns regarding animal welfare.
Naturally occurring structural variants causing polledness are
known for most beef cattle. Polled Celtic variant from the
genome of an Angus cow was isolated and integrated into the
genome of fibroblasts taken from the horned bull using the
CRISPR/Cas12a system, followed by SCNT (Schuster et al., 2020).
The study successfully demonstrated practical application of
CRISPR/Cas12a in dairy husbandry.

BIOMEDICAL APPLICATIONS

GE livestock models play a critical role in advancing our
understanding of disease mechanisms due to their anatomical
and physiological similarity to humans, and thus, are likely
to open new clinically relevant mechanism-based targets for
the prevention and treatment of numerous diseases. Livestock
models have undoubtedly made a significant contribution
in translational medicine. They effectively represent the
complexity of outbred species and often have more similar
pathogenesis of genetic, metabolic, infectious, and neoplastic
diseases to those in human compared with the mouse model
equivalents (Roth and Tuggle, 2015; Polejaeva et al., 2016).
Similar organ size and function make them more suitable
than a mouse for many biomedical applications, such as
tissue recovery, serial biopsies, and blood sampling, device
development, whole-organ manipulations, cloning, and the
development of surgical procedures (Reynolds et al., 2009).
Current availability of genome sequences and efficient gene-
editing techniques are increasing accessibility of GE livestock

models for biomedical research, xenotransplantation, and
gene therapy. Numerous review papers discussing the topic of
engineering large animal models are available (Whitelaw et al.,
2016; Hamernik, 2019) including reviews on gene-editing for
xenotransplantation (Meier et al., 2018; Cowan et al., 2019). GE
swine models have been made available to researchers through
institutions such as the National Swine Resource and Research
Center at the University of Missouri–Columbia (http://www.
nsrrc.missouri.edu, accessed 29 September 2020) and the Meiji
University International Institute for Bio-Resource Research
(MUIIBR) in Japan (http://www.muiibr.com, accessed 30
September 2020). Here, we provide a list of livestock models
recently generated by CRISPR/Cas9 (Tables 2, 3). The pig is
increasingly gaining approval and it is the most frequently
used large biomedical model (Gutierrez et al., 2015). Porcine
gene-edited models represent aproximaly 80% of all GE livestock
models (Tables 2, 3).

Cattle are commonly used as a model for human female
reproduction, including ovarian function, the effect of aging
on fertility, and embryo–maternal communication (reviewed
in Polejaeva et al., 2016). Similarities between sheep and
humans in the physiological parameters of lung function,
such as airflow, resistance, and breathing rates, have made
sheep a valuable model for asthma research (Van der Velden
and Snibson, 2011). Furthermore, preterm and term lambs
have similar pulmonary structure, including airway branching,
submucosal glands, and a dual oxidase (Duox)–lactoperoxidase
(LPO) oxidative system, as well as prenatal alveologenesis
that make them an ideal model to study respiratory distress
syndrome in preterm infants (Liggins and Howie, 1972) and
respiratory syncytial virus (RSV) infection (Derscheid and
Ackermann, 2012). Ovine model of Cystic Fibrosis (CF) could
be also very valuable to study developmental progression of CF
(Fan et al., 2018a). Advancement in gene editing technology
will further accelerate development of new more sophisticated
large animal models allowing to study different aspects of
various human diseases.

DISCUSSION

Initial studies in livestock have primarily utilized CRISPR/Cas9
NHEJ mechanism for disruption of genes of interest (KO)
via indels introduction (Tables 1, 2). More recently, farm
animals with point mutations and gene insertions (KI) have
been successfully produced using ssODN donor sequences,
CRISPR/Cas9 base editing and CRISPR/Cas9 nickase approaches
(Table 3). The applications of gene editing technologies for
generation of livestock are very diverse, ranging from enhancing
important production traits such as meat, milk, and fiber
production (Deng et al., 2014; Crispo et al., 2015; Hu et al.,
2017; Zhou et al., 2017; Zhang R. et al., 2020) to improving
disease resistance, health, reproductive efficiency, facilitating
animal welfare, and developing new biomedical models to
better understand the etiology of diseases and develop novel
mechanism-based therapeutic approaches (Vilarino et al., 2017;
Fan et al., 2018a,b; Tu et al., 2019; Tanihara et al., 2020).
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Newly developed gene editing tools (cytosine base editor, CBE
and ABE) facilitate the generation of point-mutations without
DSB. They can introduce four types of transition mutations
(C→T, A→G, T→C, and G→A), which cover approximately
30% of all known human pathogenic variants (Anzalone et al.,
2020), so the use of these tools could be increasingly beneficial
for gene therapy. The CRISPR/Cas9 platform can also be used to
modulate gene expression and impact epigenetics (Gilbert et al.,
2013; Lawhorn et al., 2014). This mechanism offers a variety of
possibilities to re-write how genes are traditionally expressed and

provides the opportunity to use transcription factors and other
enzymes in the regulation/modification of epigenetic marks and
correcting epigenetic disorders (reviewed in Mei et al., 2016).
Prime Editing technology has shown that all 12 combinations of
base changes (transition and transversion) are possible without
performing a DSB in cells (Anzalone et al., 2019). This gene
editing tool is a catalytically impaired nCas9 (H840A) fused with
a reverse transcriptase (RT-nCas9) that is transfected along with
a pegRNA. Several strategies have been developed to improve
the integration efficiency of long DNA fragments, including

TABLE 3 | CRISPR-mediated gene knockin in livestock.

Species Gene Purpose of manipulation Type of KI Approach SCNT or MI KI Animals
produced

Mosaicism
(%)

References

Agriculture: improvements in

Sheep SOCS2 Reproductive traits Point mutation Crispr/Cas9 BE MI 3/4 (25%) 3/3 (100%) Zhou et al. (2019)

BMPR1B Reproductive traits Point mutation Crispr/Cas9 MI 5/21 (23.8%) Not stated Zhou et al. (2018)

Goat Tβ4 CCR5-targeted KI, cashmere yield Gene insertion Crispr/Cas9 SCNT 1 N/A Li X. et al. (2019)

FGF5 Cashmere yield Point mutation Crispr/Cas9 BE MI 5/5 (100%) 5/5 (100% Li G. et al. (2019)

GDF9 Reproductive traits Point mutation Crispr/Cas9 MI 4/17 (23.5%) 2/4 (50.0%) Niu et al. (2018)

FAT-1 Disease resistance Gene insertion Crispr/Cas9 SCNT 1 from 8
pregnancies

N/A Zhang J. et al.
(2018)

Cattle Pc Generation of a polled genotype Gene insertion Crispr/Cas12a SCNT 1, died on D1
after birth

N/A Schuster et al.
(2020)

NRAMP1 Tuberculosis resistance Gene insertion Crispr/Cas9n SCNT 9 N/A Gao et al. (2017)

IARS Correction of IARS syndrome Gene insertion Crispr/Cas9 SCNT 5 viable fetuses N/A Ikeda et al. (2017)

Pig PBD-2 Disease-resistant pigs Gene insertion Crispr/Cas9 SCNT 5 pigs N/A Huang et al. (2020)

MSTN Meat production Gene insertion Crispr/Cas9 SCNT 2 pigs N/A Zou Y.-L. et al.
(2019)

UCP1 Reproduction traits Gene insertion Crispr/Cas9 SCNT 12 piglets N/A Zheng et al. (2017)

MSTN Meat production Point mutation Crispr/Cas9 SCNT 1 stillborn piglet N/A Wang K. et al.
(2016)

MSTN MSTN-KO without selectable
marker

Gene insertion Crispr/Cas9 SCNT 2 piglets No Bi et al. (2016)

RSAD2 Generation of pigs with viral
resistance

Gene insertion Crispr/Cas9 SCNT 1 pig No Xie et al. (2020)

Biomedical applications:

Sheep ALPL Model of hypophosphatasia Point mutation Crispr/Cas9 MI 6/9 (66.6%) No Williams et al.
(2018)

PPT1 Infantile neuronal ceroid
lipofuscinoses

Point mutation Crispr/Cas9 MI 6/24 (25.0%) Not stated Eaton et al. (2019)

tGFP Rosa26-targeted KI Gene insertion Crispr/Cas9 MI 1/8 (12.5%) Not stated Wu et al. (2016)

OTOF Hearing loss phenotype Point mutation Crispr/Cas9 MI 8/73 (11.0%) 2/8 (25.0%) Menchaca et al.
(2020b)

Cattle CMAH Xenotransplantation Point mutation Crispr/Cas12a SCNT 2 N/A Perota et al. (2019)

Pig hF9 Gene therapy for hemophilia B pigs Gene insertion Crispr/Cas9 SCNT 5 pigs N/A Chen et al. (2020)

BgEgXyAp Salivary gland as bioreactor Gene insertion Crispr/Cas9 SCNT 4 piglets (1/4
alive)

N/A Li G. et al. (2020)

hIAPP Type 2 diabetic miniature pig model Gene insertion Crispr/Cas9 SCNT 24 N/A Zou X. et al. (2019)

SNCA Parkinson’s disease model Gene insertion Crispr/Cas9 SCNT 8 piglets N/A Zhu et al. (2018)

HTT Huntingtin KI model Gene insertion Crispr/Cas9 SCNT 6 piglets N/A Yan et al. (2018)

GGTA1 Xenotransplantation Gene insertion FokI-dCas9 SCNT 2 piglets N/A Nottle et al. (2017)

tdTomato porcine Oct4 reporter system Gene insertion Crispr/Cas9 SCNT 2 piglets N/A Lai et al. (2016)

hALB Tg animals as bioreactors Gene insertion Crispr/Cas9 MI 16/16 (100%) 1/16 (6.3%) Peng et al. (2015)

GFP H11-targeted KI Gene insertion Crispr/Cas9 SCNT 1 piglet N/A Ruan et al. (2015)

SCNT, somatic cell nuclear transfer; MI, zygote microinjection; BE, base editing; N/A, not applicable.
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CRISPR/Cas9 mediating HR, MMEJ targeted integration, HMEJ
targeted integration, and the NHEJ-mediated KI named HITI.
HITI has the highest on-target specificity (90–95%) with biallelic
integration of transgene ranging between 30 and50% in vitro
in several cell types including dividing (HEK293) and non-
dividing (mouse primary neurons) cells. Furthermore, HITI
approach led to the successful DNA KI in vivo demonstrating
the efficacy of HITI in improving visual function using a
rat model of retinitis pigmentosa (Suzuki et al., 2016). The
robustness of this approach is likely to be translatable to the
livestock species. The use of chemically modified ssODN, such as
phosphorothioate, is highly efficient method for the introduction
of point mutations and/or single nucleotide replacements that
could be very useful for correction of pathogenic mutations in
livestock, and developing animal models of human disease or
testing gene therapy strategies.

While editing scope and efficiency of CRISPR/Cas9 and its
variants continue to improve, potential introduction of off-
target mutations remains the major concern when producing
animals for agriculture or using them in biomedical applications
(Zhang X. H. et al., 2015). These off-target sites are sequences
similar to the gRNA sequence except for up to four mismatched
mutations that can be tolerated by CRISPR/Cas9 (Haeussler,
2020). The tolerance for mismatch pairing may cause attack by
CRISPR/Cas9 during gene editing, which ultimately may lead to
an introduction of unintended mutations. Off-target mutations
may result in a silent mutation or produce a loss of function in
coding regions. Nonetheless, the concerns are in the formation
of an aberrant form of protein that induces food allergenicity or
affect animal health if unintended genetic modifications could
lead to tumor formation due to disruption of mechanisms such
as a tumor suppressor gene (Ishii, 2017). Up to thousands off-
target mutations have been found in previous studies in gene
edited cells, embryos, and animals (Crispo et al., 2015; Kim et al.,
2015; Tsai et al., 2015; Wang X. et al., 2015a; Carey et al., 2019;
Zuo et al., 2019; Haeussler, 2020; Zuccaro et al., 2020), which
raise the importance on investigating in-depth the gene editing
approaches for reduction of those mutations. For instance, the
use of CRISPR/Cas9 RNP instead of a plasmid vector, reduced the
risk of off-target mutations as RNP is cleared from the cells within
24 hours after transfection (DeWitt et al., 2017). Furthermore,
other methods are in development to minimize the off-target
effects such as CRISPR Guide RNA Assisted Reduction of
Damage (GUARD) that protects off-target sites by co-delivering
short gRNAs directed against off-target loci by competition with
the on-target gRNA without affecting on-target editing efficiency
(Coelho et al., 2020). Nonetheless, it would be appropriate to
investigate off-target mutations in animals, embryos or somatic
cells as deeply as possible using methods for identification of
off-target sites, such as whole genome sequencing (WGS) and
whole-exome sequencing (WXS) (Ishii, 2017).

Currently, SCNT is the main technique for the production
of KI gene edited livestock (Table 3). Furthermore, about half
of the published KO farm animals were produced by SCNT
(Tables 1, 2). The primary advantage of this cell-mediated
gene editing approach is the ability to verify that the gene-
edited cells contain the desired genetic modification prior to

live animal production takes place. This approach eliminates
the occurrence of genetic mosaicism and has a potential to
decrease the timeframe for generating the desired genotype and
reducing the overall cost of animal production. These aspects
are especially critical for application in large domestic animals
that have particularly long generation intervals. While mosaicism
resulting from CRISPR/Cas9 genome editing is typically regarded
as an undesirable outcome, in certain cases, it may be valuable
especially in animal models. These include assessments of
candidate gene function in vivo where direct comparison of
mutant and wild-type cells can be performed in the same organ
of mosaic animals (Zhong et al., 2015). Mosaic animal models
could also help us better understand the effect of gene dosage
in congenital disorders. One example involves mosaicism of the
Pax6 gene in mice. This gene plays an important role in eye
development. CRISPR/Cas9-mediated mutation of Pax6 in mice
have resulted in somatic mosaicism and variable developmental
eye abnormalities in founder animals (Yasue et al., 2017). Thus,
certain mosaic animal models could provide insights into the
complexities of human congenital diseases that appear in mosaic
form. Derivation of Bovine Embryonic Stem Cells (bESCs) was
recently reported, and these cells could potentially be used as
donor cells for nuclear transfer (Bogliotti et al., 2018). bESCs
may offer some advantages compared to somatic cells such
as greater in vitro longevity and potentially higher efficiency
of homologous recombination. However, these hypothetical
benefits will need to be further validated. Direct zygote
manipulation, especially the zygote electroporation technique,
is much less technically challenging compared to SCNT (Miao
et al., 2019). Advancements in gene editing precision and
efficiency, as well as developing strategies for reducing mosaicism
have the potential to greatly enhance the accelerated and
widespread utilization of gene editing technology in domestic
animals, regardless of the specific application. This also assumes
the technology receives favorable regulatory allowance, which
will allow rapid integration of this high-value technology to
contribute to the goal of increasing world-wide food security, and
broad application as an important research tool.
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