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Abstract

Background:

The porcine species (Sus scrofa domesticus) has had a great impact as a source
of food worldwide, but also it is a very useful animal for biomedical applications.
Genetic engineering involves modifying the sequence of DNA. Nowadays, genetic
engineering is a common procedure in many laboratories, in part due to the develop-
ment of simple, accessible, cheap, and effective programmable endonucleases such
as those in the CRISPR/Cas9 approach. A key advantage of gene editing is the pos-
sibility of producing pigs with desired characteristics

Mayor Advances:

Here we review the latest advances in the production of genetically modified pigs
with a particular focus on the use of CRISPR/Cas9 gene editing in the porcine spe-
cies, as a way to produce genetically modified pigs, and with a consideration of
advantages and limitations, as well as new approaches, with regard to this technology.
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3.1 Introduction

The porcine species (Sus scrofa domesticus) has had a great impact in the meat
industry worldwide, being the second most consumed meat source in the world in
2020 after poultry according to the Food and Agriculture Organization of the United
Nations (FAO 2020). Since its domestication 9000 years ago from the wild boar
(Sus scrofa) (Giuffra et al. 2000), humans have been selecting for breeding those
porcine variants with desired characteristics for food production and animal hus-
bandry. This genetic selection has most recently allowed a significant increase of
pig production in comparison with that obtained a few decades ago (Rocadembosch
et al. 2016; Koketsu et al. 2017). However, classical breeding and genetic selection
techniques are slow processes that carry an economic and time cost which can be
avoided by the use of genetic engineering (Yang and Wu 2018). In recent decades,
techniques have been developed to accelerate genetic selection by gene editing.
Genetic engineering involves modifying the sequence of DNA, which makes it pos-
sible to introduce new genes or change the pattern of gene expression in edited cells,
including modifications in sequences that encode proteins, regulatory sequences or
sequences that produce non-coding RNAs (Yang and Wu 2018).

Nowadays, genetic engineering is a common procedure in many laboratories, in
part due to the development of simple, accessible, cheap, and effective program-
mable endonucleases such as those in the CRISPR/Cas9 approach. The contribution
of Jennifer Doudna and Emmanuelle Charpentier to the development of this
approach, discovered in microorganisms but now used to edit the genome of practi-
cally any organism (Jinek et al. 2012) was acknowledged by the award of the Nobel
Prize in Chemistry to them in 2020 and has opened the door to easier genetic modi-
fication of mammals, and specifically in our case, of pigs.

Since the first generation of gene edited pigs using CRISPR/Cas9 in 2014 (Hai
et al. 2014), new findings have been published relating to strategies for the efficient
production of gene edited pigs. A key advantage of gene editing is the possibility of
producing pigs with desired characteristics, for example, pigs with better meat pro-
duction (Wang et al. 2015a), less fat deposition (Zheng et al. 2017) or resistance to
viral diseases (Whitworth et al. 2016), far more rapidly than would be possible
using traditional breeding methods. Furthermore, genetically modified pigs can be
produced for use in biomedical research due to the similarity of pigs and humans in
relation to physiology, anatomy, size, and metabolic profile (Zettler et al. 2020). In
addition, pigs have advantages over other animal models like non-human primates
because they are cheaper to produce, are associated with less ethical issues, and
because of better development of porcine embryo manipulation techniques (Yang
and Wu 2018). Reflecting this, porcine models of human diseases like diabetes mel-
litus (Tanihara et al. 2020b; Zettler et al. 2020), neuromuscular diseases (Crociara
et al. 2019) and ones for xenotransplantation (Hein et al., 2020), have recently been
produced.
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In recent reported studies, differences in procedure have been found with respect
to the type of methodology and the strategies used to obtain modified embryos, the
molecular nature of Cas9, the method and conditions of CRISPR/Cas9 delivery into
embryos, and the embryo transfer protocol. Up till now, there has not been a stan-
dard procedure for generation of gene edited pigs, so it is very important to study all
the factors that have had an influence on the efficiency of this technique, to deter-
mine what are the best options in the design of protocols to optimize the CRISPR/
Cas9 approach. For that reason, the objective of this chapter is to summarize the
knowledge about the advances of production of genetically modified pigs with the
use of CRISPR/Cas9 system in the porcine species, focusing on the production of
genetically modified pigs, its advantages and limitations, as well as the new
approaches for this system.

3.2 History of Gene Editing in Pigs

3.2.1 Gene Editing Before Programmable Endonucleases

The first strategy to produce genetically modified mammals was pronuclear injec-
tion which involves the direct introduction of a DNA construct into the pronuclei of
the fertilized egg that can integrate randomly in the genome of the zygote. Using
this approach, transgenic mice were produced in the early 1980s (Gordon et al.
1980; Gordon and Ruddle 1981; Palmiter et al. 1982) followed by other mammals
such as pigs, sheep or rabbits in 1985 (Brem et al. 1985; Hammer et al. 1985) (Fig.
3.1). Other approaches used to introduce foreign DNA into pig embryos were devel-
oped, such as the use of retroviruses (Petters et al. 1987), lentiviruses (Hofmann
et al. 2003) or sperm-mediated DNA transfer (Sperandio et al. 1996; Lavitrano et al.
1997; Garcia-Vazquez et al. 2010). These approaches were limited by the fact that
the foreign DNA randomly inserted into the host genome and did not allow the
specific editing of endogenous genes, so other approaches were needed. In mice,
homologous recombination was used to genetically modify embryonic stem cells
(ESCs) in culture and these were then introduced into early embryos to produce
chimeras. Despite the low efficiency of this approach, the generation of genetically
modified animals by homologous recombination was a significant improvement in
terms of the on-target nature of the introduced mutation and the increase in mutation
rates (Robertson et al. 1986; Hooper et al. 1987).

The lack of success in obtaining ESCs from other mammalian species, apart
from rats and humans, made it impossible to apply this technique to mammals in
general (Yang and Wu 2018). However, the development of cloning by somatic cell
nuclear transfer, which involves the introduction of somatic cells into enucleated
oocytes, solved the problem and made it possible to generate fully genetically modi-
fied animals in one generation by first performing homologous recombination in
these somatic cells (McCreath et al. 2000). Although the first attempt to generate
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Fig. 3.1 History of pig gene editing: Timeline of milestones in the history of gene editing in

swine species

genetically modified animals using homologous recombination was made in the
1990s, it was not until 2001 that the first application of this technique in pigs was
reported (Park et al. 2001; Dai et al. 2002; Lai et al. 2002). While being a great
advance in terms of gene editing in livestock, a limitation was that the efficiency

was still low.
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3.2.2 Programable Endonucleases

The production of genetically modified mammals has been greatly helped by the
development of programmable endonucleases. Three such types of endonucleases
have been developed so far: ZFNs (zinc finger nucleases), TALENs (transcription
activator- like effector nucleases) and the CRISPR/Cas system (CRISPR-associated
protein). All of them are composed principally of two domains: a DNA binding
domain that recognises the target DNA sequence and a cleavage domain that pro-
duces a double-strand break (DSB) in the target DNA sequence (Petersen 2017).

Genetic modifications mediated by programmable endonucleases are due to mis-
takes produced by the cell machinery in the process of repairing the DSB. After the
DSB occurs, the cells can repair these breakages by two cellular mechanisms: non-
homologous end joining (NHEJ), or homology-directed repair (HDR) (Fig. 3.2). In
most cases (over 90%), this repair happens via the NHEJ mechanism. During this
process in which the two ends of the break are brought together and ligated, small
insertions or deletions (indels) often occur, which can modify the reading frame of
the gene (if the indel is not a multiple of three) causing a premature appearance of a
stop codon and producing a knock-out. However, if a donor DNA is introduced the
repair can occur via the HDR pathway. In this case, part of an endogenous gene can
be subtly changed or alternatively one or more complete genes can be introduced,
producing a knock-in (Whitelaw et al. 2016; Petersen 2017).

The first programmable endonuclease used to produce genetically modified ani-
mals was ZFNs, as first reported in a Drosophila model in 2002 (Bibikova et al.
2002).However, it was not until 2011 that this type of endonuclease was used to
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Fig. 3.2 DNA repair mechanism: Schematic showing the DNA repair process after cutting by an
endonuclease. Two types of repair can occur after the double-strand break: non-homologous end
joining (NHEJ) in the absence of a donor DNA sequence or homology-directed repair (HDR) in
the presence of a donor DNA sequence. NHEJ produces insertions or deletions that can cause
knock-out and HDR can generate knock-ins through the integration of exogenous DNA
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generate knock-out pigs (Hauschild et al. 2011). ZFNs consist of the nuclease
domain of the restriction enzyme FokI and multiple zinc finger protein sequences
combined to recognize a specific DNA sequence. Each zinc finger protein is formed
by 30 amino acids which recognizes a sequence of 3 bp (Wolfe et al. 2000; Bibikova
et al. 2001). FokI must dimerize to produce a DSB, so ZFNs needs to be designed
and used as pairs (Vanamee et al. 2001; Miller et al. 2007).

The second type of programmable endonuclease developed (Boch et al. 2009;
Christian et al. 2010) and used to produced genetically modified pigs was TALENs
(Carlson et al. 2012). This type of nuclease consist of the FokI restriction enzyme
domain as is the case with ZFNs; in contrast however, the DNA binding domain is
formed by peptides that can recognize a single base pair, and which are called tran-
scription activator-like effectors (Boch et al. 2009; Christian et al. 2010). The fact
that TALEN domains can recognize a single base allows greater design possibilities
with TALEN nucleases, these being more specific, easy to use, and efficient than
ZFNs, which recognize groups of three bases (Hockemeyer et al. 2011; Moore et al.
2012). In addition, the use of TALENs seems to be less cytotoxic than ZFNs (Yao
et al. 2016).

After ZFNs and TALENS, the development of a third type of programmable
endonuclease called CRISPR/Cas9 was reported (Jinek et al. 2012; Cong et al.
2013; Mali et al. 2013). The CRISPR/Cas9 system was identified in archaea and
eubacteria as an adaptative immune mechanism to protect the cell from viral infec-
tions (Mojica et al. 2000; Mojica et al. 2005). CRISPR/Cas systems can be classi-
fied into two classes, and six types, but the one most used for gene editing involves
the Cas9 from Streptococcus pyogenes, and is classified as class 2, type II.

In contrast to the ZFNs and TALENSs, which are composed of proteins, the
CRISPR/Cas9 system consists of Cas9 protein and a single guide RNA (sgRNA).
Cas9 protein has two nuclease domains, RuvC and HNH, which cut the target and
complementary sequences respectively to generate DSBs. The sgRNA allows the
endonuclease to cut at the target sequence and contains a sequence of 20 nucleotides
complementary to the target sequence, cis-repressed RNA (crRNA), and a Cas9
binding sequence (trans-activating crRNA). To allow cleavage of the DNA sequence,
the sgRNA should contain a DNA sequence that is complementary to the sgRNA
and an adjacent protospacer-adjacent motif (PAM) (Yuk et al. 2014). The PAM
sequence differs depending on the species, and the system from S. pyogenes needs
a 5’-NGG-3" PAM sequence (Petersen 2017; Yang and Wu 2018).

Compared with ZFNs and TALENS, the CRISPR/Cas9 system is highly efficient
and adaptable as a way to produce mutations in developing embryos in part due to
the difficult of designing and generating novel ZFN and TALEN endonucleases
(Hai et al. 2014; Zhou et al. 2016). The first time that the use of the CRISPR/Cas9
system was described in pigs was in 2014 (Hai et al. 2014), when it was used to
produce knock-out pigs for the v-WF gene, whose deficiency in humans causes
severe von Willebrand disease, by microinjection of Cas9 mRNA and sgRNA into
the cytoplasm of one-cell zygote obtained by in vitro fertilization. Since that time, a
large number of gene edited pigs have been reported with a number of different
applications, as will be explained further in Sect. 3.4.
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3.3 How to Generate a Gene Edited Pig?

3.3.1 Methodology

3.3.1.1 Editing of Somatic Cells and Somatic Cell Nuclear
Transfer (SCNT)

Briefly, the SCNT technique consists of the introduction of a genetically modified
somatic cell into an enucleated oocyte to produce an embryo with the desired
genetic characteristics. The first cloned piglets (non-genetically modified) were pro-
duced in 1989 by Prather et al. using as donor cells porcine embryo blastomeres
(Prather et al. 1989).. Subsequently, the first genetically modified piglets were pro-
duced in 2001, by introducing the GFP gene contained in a retroviral vector into
foetal fibroblasts (Park et al. 2001), but it was not until 2014 that the CRISPR/Cas9
system was first used to produced genetically modified pigs by SCNT (Sato et al.
2014; Whitworth et al. 2014). This technique is widely used, but it has low effi-
ciency (10-30% of blastocyst rate and 0.5-5% piglets/transferred embryos) due to
the difficulty of the procedure and epigenetic dysregulations in cloned embryos,
which can cause development defects in the offspring such as weakness or low birth
weight (Beaujean et al. 2015).

On the other hand, the mayor advantage of this procedure over the direct modifi-
cation of embryos is that the genotype of the offspring is known as the donor cells
with the desired genotype are chosen. This is a great advantage when multiple genes
are targeted or when the purpose is a knock-in or a conditional transgenesis (Li et al.
2015; Whitelaw et al. 2016). In general, the SCNT procedure can be divided into
three steps: (a) selection, culture and genetic modification of donor somatic cells,
(b) oocyte enucleation and nuclear transfer and (c) embryo culture (Fig. 3.3).
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Fig. 3.3 Schematic of the process of somatic cell nuclear transfer (SCNT). Somatic cells are
edited by the CRISPR/Cas9 system. After being selected and synchronized, cells are fused with in
vitro matured enucleated oocytes. Subsequently, cloned zygotes are cultured in vitro until the time
of embryo transfer
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Selection, Culture, and Genetic Modification of Donor Cells

This step involves the selection and culture of the donor somatic cells. The first
thing to consider is the donor cell type. In general, these cells need to have a correct
karyotype and long lifespan, exhibit good proliferation, and they should be trans-
fectable (Beaujean et al. 2015).More than 200 different cell types have been used as
donor cells to produce cloned pigs, each one presenting advantages and disadvan-
tages (Liu et al. 2015). Theoretically, the less differentiated cells are the ones easiest
to reprogram. This reprogramming involves essential epigenetic changes that occur
during embryo development (Lee and Prather 2014; Liu et al. 2015).

Although there are few studies that demonstrate that one cellular type is better
than another, foetal fibroblasts are the most common cell type used for SCNT to
produce genetically modified pigs (Whitworth et al. 2014; Chen et al. 2020; Li et al.
2020a); they are highly dedifferentiated cells (Liu et al. 2015). In addition, adult
fibroblast cells can be obtained from valuable animals like genetically modified
pigs, so they can be used to bypass one step of the process (Sheets et al. 2018; Xu
et al. 2020).

Liu et al. achieved a greater overall efficiency in terms of live birth rate using
foetal fibroblasts as donor cells in comparison with adult fibroblasts, observing less
abnormalities in the piglets produced (deformities, mummified and stillbirth pig-
lets) (Liu et al. 2015). In addition, Zhai et al. observed a higher blastocyst rate using
bone marrow- derived mesenchymal stem cells in comparison with foetal fibro-
blasts. Furthermore, cloned embryos using as donor cells bone marrow-derived
mesenchymal stem cells were more similar to those produced by conventional in
vitro fertilization (IVF) in terms of expression of pluripotency genes, degree of
apoptosis, and number of cells per blastocyst (Zhai et al. 2018). One thing to con-
sider is that both studies were performed without transfected somatic cells.

Once a suitable cell type is chosen, the cells are cultured to purify them (when
obtained from an animal) and to achieve the necessary cell concentration. Next,
these cells need to be transfected (Kurome et al. 2015). There are many transfection
methods available: viral vectors (adenovirus, retrovirus...), chemical transfection
methods (nanoparticles, lipofection...) and physical transfection methods (electro-
poration, magnetotransfection...) (Fajrial et al. 2020). Regarding the production of
genetically modified pigs, the authors usually prefer the electroporation method,
being the one most used to generate knock-out and knock-in models (Lai et al.
2016; Cho et al. 2018; Han et al. 2020; Xu et al. 2020; Zhang et al. 2020) and
because it is simpler, more efficient and reproducible (Fajrial et al., 2020). This
method involves subjecting the cells to an electric field that induces the formation
of pores in the cell membrane through which the components of the CRISPR/Cas9
system can enter the cell (Fajrial et al. 2020). However, some authors use other
methods like lipofection (Luo et al. 2019; Fischer et al. 2020; Zhu et al. 2020a). This
method is based on the use of lipid molecules that encapsulate the CRISPR/Cas9
system components forming vesicles. These vesicles are introduced into the cell by
endocytosis, releasing the components. One thing to consider when using this
method is that the components in the vesicle are only going to reach the cytoplasm
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so it is not the best option when using plasmid DNA because that needs to reach the
nucleus to function (Fajrial et al. 2020).

Something that needs to be taken into account is the format in which the CRISPR/
Cas9 system is delivered. This can be plasmid DNA (plasmid encoding Cas9 and
sgRNA), mRNA (mRNA encoding for Cas9 and separate sgRNA) and ribonucleo-
protein (Cas9 protein and sgRNA) (Fajrial et al. 2020). When using DNA vectors,
these require previous transcription and translation to produce functional ribonu-
cleoprotein in the cell. This increases the lag time between the transfection and the
expression of the system, which increases the risk of off-target events in addition to
the high persistence of the system. Furthermore, plasmid DNA can be inserted into
the genome of the cell, so this possibility should be assessed when selecting the
most suitable donor cell to perform SCNT (Wang et al. 2017a; Fajrial et al. 2020).

In contrast, mRNA does not have risk of insertional mutagenesis and, as it does
not require the entry into the nucleus to function, its expression is faster. Furthermore,
the use of mRNA results in transient expression, reducing the persistence time of
the system in the cell, which reduces the risk of off-target events (Wang et al. 2017a;
Fajrial et al. 2020). In general, when talking about SCNT the most common delivery
format is DNA, with only one group performing the transfection using mRNA to
produce piglets by SCNT (Guo et al. 2019a). In addition, some authors have used
ribonucleoprotein to transfect different porcine somatic cells, so this delivery for-
mat could be used as well to produce cloned pigs (Park et al. 2016; Elkhadragy
et al. 2021).

Once the cells are edited, the next step is select a colony with the desired muta-
tion. The cells are cultured to produce a single-cell colony (monoclonal colony) and
once they reach the appropriate cell density, part of the colony is used to detect
(usually by PCR and sequencing) the presence of mutations while the other part
continues in culture. The colonies with the desired mutation are used as donor cells
(Beaujean et al. 2015; Xie et al. 2020b; Zhang et al. 2020). Sometimes a selection
procedure can be performed when the plasmid used has a selection marker. Some
authors use antibiotics like geneticin (Han et al. 2020; Huang et al. 2020a) and puro-
mycin (Fischer et al. 2020; Zhu et al. 2020b), others a fluorescent marker like the
enhanced green fluorescent protein (EGFP), to select the transfected cells (Li et al.
2020b; Shi et al. 2020).

Oocyte Enucleation and Nuclear Transfer

In this phase mature oocytes are enucleated. The oocytes are usually collected from
ovaries from prepuberal gilts obtained from local slaughterhouses, and then in vitro
matured (Beaujean et al. 2015). Some authors have shown that a selection of the
best oocytes can be helpful to achieve a better cloning efficiency. For example, treat-
ment with a hyperosmotic medium with sucrose assists the selection of high-quality
oocytes and improves enucleation efficiency due to the formation of a swelling
around the metaphase plate (Dang-Nguyen et al. 2018).
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Once mature, the meiotic spindle and the polar body of the oocytes are removed.
There are two enucleation techniques. The first one is called blind enucleation and
is performed with micromanipulation equipment (Polejaeva et al. 2000; Liu et al.
2017) (Fig. 3.4). The second one is called handmade cloning and consists of the
bisection of 1/3 of the oocyte (where the polar body is located) with a splitting blade
(Du et al. 2007; Liu et al. 2017; Li et al. 2019b). Although Liu et al. achieved a
greater blastocyst rate when performing handmade cloning and it is cheaper and
easier (Liu et al. 2017), blind enucleation is the most common enucleation method
used to produce genetically modified pigs.

With both methods, the manipulation medium needs to be supplemented with
cytochalasin B in order to avoid the extrusion of the pseudo-second polar body and
to maintain the diploidy of the resulting embryos (Beaujean et al. 2015). In addition,
in order to increase the enucleation rate, a treatment with demecolcine can be used.
With this treatment a swelling around the meiotic spindle occurs and it becomes
easier to remove (Gao et al. 2019). The next phase is the nuclear transfer itself. First,
the somatic cells need to be synchronised. Usually, cells in the GO/G1 phase of the
cell cycle are used to perform SCTN because that way the diploidy of the resulting
embryo is maintained (if another phase is used, the re-replication of the DNA can
occur before the first cell cycle of the embryo). This synchronisation is usually per-
formed by serum starvation (Hatada 2017). Next, one donor cell is placed in the
perivitelline space of the enucleated oocyte with micromanipulator equipment (if
blind enucleation is performed) (Kurome et al. 2015; Cho et al. 2018). If handmade
cloning is performed, two cytoplasts are attached to a single donor cell (Du et al.
2007; Liu et al. 2017).

These cytoplast-cell complexes are then fused and activated. The fusion allows
the nucleus of the donor cell to enter the oocyte cytoplasm and the activation releases
the oocyte from its state of meiotic arrest state (Hatada 2017). The fusion is per-
formed by electric pulses (Kurome et al. 2015). The activation can be electrical or
chemical, but the first method is more common (Whitworth et al. 2009). Furthermore,
it can be performed at the same time as the fusion (simultaneous activation) or a few

Fig. 3.4 Mature oocyte enucleation. Enucleation process for somatic cell nuclear transfer in
porcine oocytes. (a) Mature oocyte stained with Hoechst 33342. (b) Mature oocyte enucleated
without a metaphase plate and polar body. MII: Metaphase II; PB: polar body
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hours later (delayed activation) (Hatada 2017; Guo et al. 2019b). Guo et al. in their
meta-analysis observed that the delayed activation increases blastocyst rate (without
improving cell number per blastocyst) to a greater degree than the simultaneous
activation, probably because the cytoplasm of the oocyte needs time to mix with the
cytoplasm and the nucleus of the donor cell (Guo et al. 2019b), but simultaneous
activation is more commonly used when producing genetically modified pigs.

Embryo Culture

After fusion and activation, the reconstructed embryos are cultured until embryo
transfer. For the first 3 hours the medium needs to contain cytochalasin B to avoid
the extrusion of the pseudo-second polar body (Hatada 2017). Next, embryos are
cultured in in vitro culture mediums such as porcine zygote medium (PZM) or
North Carolina State University 23 medium (NCSU-23) until ready for embryo
transfer (Im et al. 2004; Lee and Prather 2014).

During embryo culture, the remodelling of the chromatin of the somatic cell
occurs. This process is required to achieve the totipotent state that the embryo needs
to reach to develop correctly, but it is dysregulated in cloned embryos which leads
to the low efficiency of the process (Vajta et al. 2007; Lee and Prather 2014). DNA
methylation and histone acetylation/deacetylation play important roles in embryo
development and cellular function and errors in these processes contribute to the
low efficiency of the SCNT procedure (Diao et al. 2013; Kumar et al. 2013). For
that reason, donor cells and embryos have been treated with different compounds
like DNA methyltransferases inhibitors and histone deacetylase inhibitors (Zhao
et al. 2009; Diao et al. 2013; Kumar et al. 2013).

The additive most commonly used in the production of genetically modified pigs
is Scriptaid, a histone deacetylase inhibitor (Whitworth et al. 2014; Cho et al. 2018;
Boettcher et al. 2020; Zhu et al. 2020b). This compound induces histone acetyla-
tion, which changes the structure of the chromatin (more relaxed form), allowing
transcription. Furthermore, it promotes DNA demethylation, a key process in
nuclear reprogramming and remodelling (Zhao et al. 2009; Park et al. 2012).

The use of other treatments has led to an improvement of the efficiency of the
SCNT procedure, but they have not yet been used to produce genetically modified
pigs. These compounds include other histone deacetylase inhibitors such as oxam-
flatin, which led to an improvement in blastocyst rate, embryo quality (total cell
number per blastocyst and gene expression), and overall efficiency (offspring) in
comparison with control cloned embryos and cloned embryos treated with Scriptaid
(Park et al. 2012); sodium butyrate, with which a greater blastocyst rate and a posi-
tive effect on embryo gene expression were achieved (Liu et al. 2012); valproic
acid, which led to an increase in blastocyst rate and embryo quality (total cell num-
ber per blastocyst and gene expression) (Miyoshi et al. 2016; Lv et al. 2020) and
suberoylanilide hydroxamic acid, which led to an improvement in blastocyst rate
and embryo quality (gene expression) (Sun et al. 2017).
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Regarding DNA methyltransferase inhibitors, the treatment with 5-aza-2’-
deoxycytidine and zebularine led to improved blastocyst rate and embryo quality
(gene expression) in comparison with a control group (Huan et al. 2013;
Taweechaipaisankul et al. 2019). Furthermore, donor cells can also be treated with
these compounds to improve embryo development. For example, sodium butyrate,
5-aza-2’-deoxycytidine, zebularine and RG108 (DNA methyltransferase inhibitor)
were used (Diao et al. 2013), leading to improved blastocyst rate and less DNA
fragmentation in comparison with the control cloned embryos.

3.3.1.2 Editing of Gametes and Embryos

The delivery of CRISPR/Cas9 components into in vivo or in vitro derived zygotes
either as mRNAs or ribonucleoprotein makes it possible to achieve gene editing in
embryos without the need to perform a cloning step, thereby making this an easier
process compared to SCNT due to no need for enucleation and cell fusion. Therefore,
this methodology makes it possible to obtain a higher yield in terms of quality and
quantity of embryos compared to SCNT (Tanihara et al. 2016).

Gene editing in gametes and embryos has disadvantages such as not knowing the
resulting sequence of the target gene after CRISPR/Cas9 cutting and subsequent
random DNA strand repair. As a consequence, after the process of embryo produc-
tion, gene editing and embryo transfer, animals may have no mutation, or be hetero-
zygous and a high percentage of animals might be mosaics, having cells and tissues
with different combinations of wild type and knock-out alleles. Also, if the
objective of gene editing is to generate a knock- in pig, there is the problem that
homologous recombination is less frequent than non- homologous end joining, and
the percentage of embryo knock-ins will therefore be low compared to embryos
obtained by SCNT. Since the first generation of genetically modified pigs with
CRISPR/Cas9 in 2014 (Hai et al. 2014; Whitworth et al. 2014), intracytoplasmic
injection has been the most used method for releasing CRISPR/Cas9 into the
embryo. Recently, other methods of CRISPR/Cas9 delivery into zygotes such as
electroporation have been developed and are in the process of being optimized
(Tanihara et al. 2016; Nishio et al. 2018).

CRISPR/Cas9 Delivery by Intracytoplasmic Microinjection

Intracytoplasmic microinjection is a process similar to intracytoplasmic sperm
injection (ICSI) (Fig. 3.5). While a holding pipette stabilizes the zygote, a thin
micropipette is used to pierce the zona pellucida and the cytoplasmic membrane,
and Cas9 and sgRNA is delivered into the cytoplasm. Although this method is less
aggressive towards the integrity of the zygote than SCNT, intracytoplasmic micro-
injection can cause stress which affects embryo quality and therefore the percentage
of embryos able to give rise to a piglet (Hai et al. 2014; Wang et al. 2015c).
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Fig. 3.5 Mature oocyte microinjection: /n vitro matured oocyte being subjected to intracyto-
plasmic microinjection with CRISPR/Cas9 gene-editing components

The importance of producing embryos with high quality to be transferred is one
of the critical steps. In the literature, we find that both in vivo (Hai et al. 2014; Peng
etal. 2015; Wang et al. 2015b; Petersen et al. 2016; Wang et al. 2016; Burkard et al.
2017; Chuang et al. 2017; Park et al. 2017) and in vitro zygotes (Whitworth et al.
2014; Park et al. 2017; Whitworth and Prather 2017; Hinrichs et al. 2018) have been
used for intracytoplasmic microinjection.

In vivo embryo production consists of collecting zygotes by natural mating or
artificial insemination after oestrus detection. Around 14-24 hours after insemina-
tion, the zygotes have been flushed from oviducts and collected. These embryos can
be obtained from sows or gilts sacrificed at the slaughterhouse (Petersen et al. 2016;
Chuang et al. 2017) or also by surgical collection (Peng et al. 2015; Wang et al.
2015c; Burkard et al. 2017; Park et al. 2017). Both in vivo zygote production using
slaughtered sows or via surgery present some difficulties in terms of accurately and
reliably obtaining newly formed zygotes because the ovulation takes place over a 4
hour windows of time in synchronized sows (Park et al. 2017). Timing is an impor-
tant problem in in vivo production because is very probable that DNA replication
takes place before injection or when zygote cleavage happens, in which case there
are only two options: discard the embryo or inject both cells knowing that you
would thereby produce a mosaic (Peng et al. 2015).

In vivo production of embryos is an intensive labour and numerous sows are
required to obtain a sufficient number of in vivo derived zygotes (Wang et al. 2015b).
Consequently, other authors have used in vitro produced embryos (Whitworth et al.
2014; Park et al. 2017; Whitworth and Prather 2017; Hinrichs et al. 2018). This
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method involves obtaining oocytes from ovaries obtained from the slaughterhouse
and performing in vitro maturation (IVM). After cumulus-oocyte complexes are
matured, in vitro fertilization (IVF) is performed and next, putative zygotes are in
vitro cultured until embryo transfer. The use of in vitro produced embryos offers the
opportunity to improve the timing control of different parts of the early develop-
ment of the embryo. In vitro embryo production makes it possible to know approxi-
mately the time of fertilization better than with in vivo embryo collection (Whitworth
and Prather 2017). This can help to regulate the timing of DNA editing with respect
to in vitro fertilization and DNA replication. One strategy to reduce mosaicism is to
microinject as soon as possible, even before fertilization, with the aim of being that
the ribonucleoprotein is present in the cytoplasm to cut the target DNA before the
first DNA replication in the zygote (Lamas-Toranzo et al. 2019b). It has already
been shown that the microinjection of CRISPR/Cas9 into oocytes before fertiliza-
tion (Navarro-Serna et al. 2021) or parthenote embryos just at the moment of activa-
tion (Sato et al. 2018), does not affect the mutation rate, nevertheless CRISPR/Cas9
delivery into the cytoplasm before in vitro fertilization reduces the mosaicism rate
(Navarro-Serna et al. 2021).

Despite improvements in porcine in vitro embryo production such as the addition
of reproductive fluids (Canovas et al. 2017; Paris-Oller et al. 2021), cytokines (Yuan
et al. 2017), or culture media (Redel et al. 2016), embryo quality has not yet been
assessed similar to embryos produced in vivo. One problem with in vitro produced
embryos is the high rate of polyspermy that takes place in in vitro fertilization pro-
cess in swine species (Romar et al. 2019). Due to this problem, some authors have
used other IVF options, for instance the use of in vivo matured oocytes, but this
approach is very laborious and difficult and requires a large number of animals
similar to that for in vivo zygote production (Park et al. 2017).

Regarding the molecular nature of CRISPR/Cas9, this has been microinjected in
porcine embryos as DNA, mRNA, or ribonucleoprotein. There is no evidence that
there are differences in mutation rate using such different strategies (Navarro-Serna
et al. 2021) but due to the possibility of genome integrity, microinjected plasmids
have been the least used. Despite this risk, DNA integrations were not found in stud-
ies in which CRISPR/Cas9 plasmids were used in pigs (Petersen et al. 2016; Chuang
et al. 2017). The most used forms for microinjection have been Cas9 mRNA and
sgRNA (Hai et al. 2014; Kwon et al. 2015; Peng et al. 2015; Burkard et al. 2017;
Hinrichs et al. 2018; Chen et al. 2019a; Ostedgaard et al. 2020; Xie et al. 2020a).
The combination of Cas9 protein and sgRNA as an injected ribonucleoprotein is
also used (Sheets et al. 2016; Park et al. 2017; Sheets et al. 2018) and has the advan-
tage that the activity is instantaneous after ribonucleoprotein formation without the
need for Cas9 protein to be synthesized in the zygote.

In addition to differences in the molecular nature of the CRISPR/Cas9, variations
have also been found in the concentration and/or proportion of Cas9 and sgRNA
microinjected. There is not a standard concentration because the amount of CRISPR/
Cas9 microinjected varies depending on the efficiency of the designed sgRNA and
the molecular environment in which the target sequence is found. In the literature,
the potential toxic effect of CRISPR/Cas9 microinjection in embryo development
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has been tested by performing injection with water or Cas9 mRNA and sgRNA in
parthenogenetic activated oocytes. The blastocyst rate was similar in both groups,
so CRISPR/Cas9 does not seem to have toxic effects (Hai et al. 2014; Whitworth
et al. 2014; Wang et al. 2015b; Yu et al. 2016). However intracytoplasmic microin-
jection can produce some defects in embryo development (Yu et al. 2016). Thus,
CRISPR/Cas9 has been microinjected at a concentration of between 25-1000ng/pl
in porcine embryos.

Another difference besides the method of embryo injection is the site in which
zygotes were injected. In almost all studies, CRISPR/Cas9 components were
injected into the cytoplasm (Hai et al. 2014; Whitworth et al. 2014; Zhou et al. 2016;
Burkard et al. 2017; Whitworth and Prather 2017) but in Chuang et al. 2017, the
zygotes were injected in the pronucleus (Chuang et al. 2017). Pronuclear microin-
jection is difficult in embryos of domestic animals due to the cytoplasm being
opaque due to lipid droplets present in the cytoplasm and the pronucleus microin-
jection requires centrifugation of the zygote to expose the pronucleus (Wall
et al. 1985).

In addition, other strategies have been described such as combining SCNT and
intracytoplasmic microinjection (Sheets et al. 2016; Sheets et al. 2018). In Sheets
et al. 2016, SCNT was performed with foetal fibroblasts and matured oocytes with
the aim being to microinject CRISPR/Cas9 components as with in vivo or in vitro
derived embryos (Sheets et al. 2016) and in Sheets et al. 2018, genetically modified
zygotes were produced by in vivo zygote microinjection and these were used to
obtain genetically modified foetal fibroblast cells which were used to obtain piglets
by SCNT (Sheets et al. 2018). Despite the limitation of in vitro embryo production,
the quality and quantity of in vitro produced embryos is sufficient for authors to
report the generation of healthy piglets.

CRISPR/Cas9 Delivery by Electroporation

In addition to microinjection, the increasing use of electroporation as a method of
introducing CRISPR/Cas9 into the cytoplasm of porcine zygotes has been of sig-
nificant importance in the last few years (Tanihara et al. 2016; Nishio et al. 2018).
This technique involving placing the zygotes in media with Cas9 (protein or mRNA)
and sgRNA and subjecting the zygotes to an electric current that allows the forma-
tion of membrane pores through which CRISPR/Cas9 components can enter
(Fig. 3.6).

Transfection by electroporation has been in development for many types of
mammalian cells, for example foetal fibroblasts for SCNT but to penetrate the
zygote membrane is more difficult because the zona pellucida must be penetrated
before this membrane. To reduce this barrier, the zona pellucida can be partially
digested by acid Tyrode’s solution in mouse zygotes, improving CRISPR/Cas9
entry (Chen et al. 2016) but in porcine studies, CRISPR/Cas9 editing by electro-
poration has been reported without zona pellucida digestion. Another option to
improve the penetration of the zona pellucida is to use molecules with a smaller size
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Fig. 3.6 Mature oocyte electroporation: /n vitro matured oocyte during electroporation process.
(a) plate electroporation device. (b) oocytes in electroporation device at low magnification. (c¢)
oocytes in electroporation device at higher magnification

than Cas9 protein (160 kDa) with respect to Cas9 mRNA (~1500 kDa), this can
improve mutation rate (Tanihara et al. 2016). Another limitation is that the need to
put the zygotes into a medium with a mixture of Cas9 and sgRNA requires using
more sgRNA and Cas9 than for CRISPR/Cas9 microinjection.

Since 2016, the successful generation of genetically modified pigs using this
technique has been reported (Tanihara et al. 2016; Nishio et al. 2018; Tanihara et al.
2018; Hirata et al. 2019; Tanihara et al. 2019a; Hirata et al. 2020; Le et al. 2020;
Tanihara et al. 2020a; Yamashita et al. 2020). Some protocols using different elec-
troporation devices, and variations in the number and polarity of pulses, pulse
length, Cas9 and single guide RNA proportion and concentration, electroporation
medium and voltage strength have been described.

Two main devices for electroporation have been used: electroporation plates and
electroporation cuvettes. The use of the last one has not been reported for porcine
zygotes, so there seems to be a preference for the use of electroporation plates.
Some electroporation devices offer the opportunity to perform bipolar pulses
(Nishio et al. 2018; Yamashita et al. 2020). However, it has been reported that the
use of bipolar pulses does not increase the mutation rate but produces a decrease of
blastocyst rate compared to that with unipolar pulses (Nishio et al. 2018). In addi-
tion to polarity, machines such as the NEPA21 Super Electroporator (NEPAGENE,
Ichikawa, Japan) offer the option of making two types of pulses: first an electro-
poration pulse, which involves performing a high voltage pulse to destabilize the
membrane and later transfer pulses to create an input current of CRISPR/Cas9 pres-
ent in the electroporation media (Yamashita et al. 2020).

Regarding pulses, a balance must be found between the damage caused to
embryo quality and quantity and the proportion of mutant embryos obtained. A
greater number of pulses (Tanihara et al. 2016), voltage strength (Nishio et al. 2018)
and pulse length (Tanihara et al. 2016) can negatively affect embryo development.
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Currently, the electroporation parameters used are between 3-5 pulses, 20-30 V and
Ims of pulse length.

Similar to microinjection, electroporation also makes it possible to deliver
CRISPR/Cas9 into in vitro matured oocytes rather than zygotes (Hirata et al. 2019).
As with microinjection, in addition to reducing the amount of mosaicism, this strat-
egy offers other benefits. The zona pellucida of the mature oocytes has a higher
permeability than the zona pellucida of zygotes, allowing molecules of up to 170
kDa to cross it, compared to those of 110 kDa that can cross the zona pellucida of
zygotes (Legge 1995). This situation makes the membrane of mature oocytes more
permeable and, as a consequence, a high concentration of ribonucleoprotein can
enter the cytoplasm and therefore a higher mutation rate can be obtained (Hirata
et al. 2019).

Compared with electroporation, CRISPR/Cas9 microinjection and SCNT
requires greater and more laborious work because micromanipulation needs more
qualified personnel to microinject cell after cell in the shortest possible time, and
this also requires a lot of time (Navarro-Serna et al. 2019). In contrast, groups of
between 50-100 zygotes can be electroporated at the same time, allowing more
rapid work and a shorter time of exposure of the embryos to a hostile environment
outside the incubator.

3.3.1.3 Embryo Transfer

Once produced, gene-edited embryos can be transferred to recipient animals.
Commercial application of embryo transfer (ET) in swine is not as well developed
as other assisted reproductive techniques such as artificial insemination or oestrous
synchronization. ET was considered unfeasible for decades mainly because of the
requirements of surgical techniques for embryo collection and embryo deposition
into recipients, alongside challenges in the preservation of embryos (Martinez et al.
2019). This situation has drastically changed in recent decades with the current
technology allowing non-surgical ET (nsET) in a non-sedated recipient (Li et al.
1996). Despite piglets having been born from in vitro-produced embryos following
nsET (Yoshioka et al. 2003; Yoshioka et al. 2012), when working with gene-edited
in vitro-derived embryos, the conventional surgical ET (sET) by mid laparotomy is
the most common methodology followed by researchers due to the compromised
quality and limited number of embryos obtained. As such, the low quality of
in vitro-produced porcine embryos is compounded by the difficulties arising from a
surgical intervention. Therefore, in order to maximize SET efficiency with gene
edited embryos it is crucial to investigate the most relevant ET- related factors
impacting the final pregnancy rate and fertility such as the selection of recipients,
embryo handling, age and number of embryo transferred, ET position, and the use
of aiding parallel strategies such as the use of co-transferred helper embryos or the
infusion of seminal plasma.
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Whenever possible, females with an excellent reproductive history should be
used as recipients since reproductive performance is one of the well-known factors
influencing ET success in the pig. In fact, when ET is performed in first-oestrus
gilts, the survival of embryos is approximately 20% lower compared with that from
older gilts (reviewed by (Youngs 2001)). The precise control and detection of oes-
trous in the recipient animal and the timing of in vitro fertilization (IVF) to produce
embryos is another key factor for a successful ET. It has been demonstrated that
after sET the efficiency of piglet production (percentage number of piglet(s) born
based on the number of embryos transferred) is greater in recipients whose oestrous
cycle is asynchronous to that of donors with a 1-day delay (8.3%) compared to those
recipients with a 2-day (1.5%) or 3-day (0.9%) delay (Yoshioka et al. 2012). The
same has been described when transferring in vivo-derived embryo by nsET (Angel
et al. 2014). From the practical point of view, it means that oocytes must be insemi-
nated in the lab 24-48 hours before oestrous beginning in the recipient animal. This
leads to an environment where uterine histotrophic secretions from a “younger”
uterus are compatible with metabolic needs of the “older” embryos. Following this
schedule, our group has achieved around 35% of transferred recipients reaching
pregnancy to term after SET of wild type in vitro-derived embryos (Paris-Oller et al.
2021) and CRISPR/Cas9 gene-edited embryos (Navarro-Serna et al. 2021). The
final yield of ET also depends on the protocols followed to generate the embryo.
Thus, the current efficiency of sET with SCNT-embryo is very low with results
indicating that transfer of cloned embryos cultured for a longer time after recon-
struction (22-24 hours vs. 4-6 hours) decreases the recipient's pregnancy rate and
farrowing rate suggesting that long in vitro culture time negatively affects the devel-
opment of transferred cloned porcine embryos (Shi et al. 2015).

Another factor to consider for ET is the embryo’s age, which is linked to the ET
site, and the number of embryos to transfer. In an ideal situation, once gene-edited
zygotes are produced, it is advisable to reduce the culture time to minimize the
stress derived from in vitro culture conditions (Garcia-Vazquez et al. 2010). That
would mean transferring 2-4 cell stage embryos into the recipient’s oviduct. Despite
there not being extended studies in pigs relating to unilateral or bilateral transfer, it
has been shown after sET of cloned embryos into double oviducts that there is an
increase in pregnancy rate, farrowing rate of recipients, and the developmental rate
of transferred embryos, compared to the situation with unilateral oviduct transfer
(Shi et al. 2015). Based on these findings, splitting the total number of embryos to
transfer, and performing a bilateral deposition should result in a higher efficiency
with sET compared to a unilateral approach. As for morulae or blastocysts, the site
for sET is the uterus, preferably within 30 cm from the tip of the uterine horn.
Although there are not extensive studies relating to the most suitable sET site for
embryos, it seems clear that the uterine body should be avoided since under in vivo
conditions morula/blastocysts remain near the tip of the uterine horn until day 6 to
7 of the oestral cycle, progressing subsequently toward the uterine body (Hunter
etal. 1967; Dziuk 1985). Information in the literature about the optimum total num-
ber of transferred embryo varies with numbers ranging from 14 to 50 wild type
in vitro-derived blastocysts and litter sizes of 8-10 piglets (Marchal et al. 2001;
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Kikuchi et al. 2002; Yoshioka et al. 2002; Yoshioka et al. 2003; Somfai et al. 2014;
Paris-Oller et al. 2021) although some groups report 100% pregnancy rates after
sET with only 20-25 blastocysts per recipient (Yoshioka et al. 2002). However,
when transferring gene-edited in vitro- derived embryos, it is necessary to increase
these numbers up 80-200 per recipient (Onishi et al. 2000; Shi et al. 2015; Navarro-
Serna et al. 2021).

Although porcine embryos can develop well in vitro to the blastocyst stage, their
subsequent development in utero after ET in the uterine horns of surrogates can be
improved. One strategy to achieve this is to use helper embryos since typically pigs
require at least four foetuses for a successful pregnancy and the presence of helper
embryos might assist the full development of gene-edited embryos (Onishi et al.
2000). This strategy consists in transferring gene-edited embryo concomitantly
with other embryos with the objective being to help establish and/or maintain preg-
nancy in recipients. Recently, the use of co-transferred helper embryos has been
used in an attempt of increase efficiency of sET using cloned embryos (Shi et al.
2015). These authors employed helper embryos (50 per recipient) with different
origins such as parthenogenetic, in vitro- and in vivo-derived (by inseminating the
recipient before sET) embryos but either type of helper embryos could aid estab-
lishment and/or maintenance of pregnancy with SCNT embryos. On the other hand,
another strategy would be the use of seminal plasma. It has been reported that infu-
sion of heterologous seminal plasma prior to Al of recipients upregulates the
expression of embryo development related genes in day 6 wild type pig embryos
(Martinez et al. 2020; Tajima et al. 2020). However, the likely beneficial effect of
this strategy to increase sET efficiency with gene-edited embryos remains to be
determined.

3.3.2 How to Detect Mutations?

In the literature, we can find different methods to detect DNA modifications, which
change depending on the information that we want to obtain: detection of muta-
tions, identification of the mutant sequence, or evaluation of mosaicism.

3.3.2.1 Electrophoresis-Based Techniques

The simplest method is to perform PCR and then agarose gel electrophoresis. This
method is used to evaluate large insertions or deletions for example when the strat-
egy is to generate large deletions and two sgRNAs are designed to remove part of
an exon or even complete exons (Whitworth and Prather 2017; Wu et al. 2017,
Hirata et al. 2020; Koppes et al. 2020). PCR product digestion with mismatch-
sense endonucleases, such as T7 endonuclease I are also used to detect mutations
produced by CRISPR/Cas9 and other programmable endonucleases (Wang et al.
2015a; Kang et al. 2016; Bloom et al. 2017; Li et al. 2017a; Xie et al. 2017). This
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method involves performing a PCR of the target region of the embryo/animal sam-
ple. Next, the PCR product is mixed with a wild type amplicon, denatured, and
reannealed. As a result, a heteroduplex will be formed with one wild type chain and
one sample chain. When a sample of DNA has mutations, a heteroduplex with
mismatches are formed and these mismatches are detected and cut by T7 endonu-
clease I after incubation with the endonuclease. Finally, agarose gel electrophoresis
is performed with the digestion product. When the band has the size of the PCR
product, this signifies that the sample is wild type and when a smaller band appears,
T7 endonuclease I has cut it, so the sample is mutant (Bloom et al. 2017). This
method makes it possible to obtain results quickly and easily, however the T7 endo-
nuclease I assay only gives information about the presence of mutations in
the sample.

Other methods make it possible not only to detect mutations in the sample but
also to detect the number of bases that are inserted or deleted in the alleles and the
number of alleles in a sample. The fluorescent PCR-capillary gel electrophoresis
technique is accurate enough to differentiate one base-pair differences between
alleles, so this technique can indicate the presence or absence of a frameshift in the
coding sequence of the gene (Ramlee et al. 2017). This technique involves per-
forming a conventional PCR with one primer labelled with a fluorochrome and
later the sample is run in a capillary gel electrophoresis device linked to a genetic
analyser (Ramlee et al. 2015). In order to discriminate the wild type allele in com-
parison to the other alleles in a sample, a PCR product of the sample is mixed with
another wild type amplicon labelled with a different fluorochrome (Ramlee
et al. 2017).

The fluorescent PCR-capillary gel electrophoresis technique allows detection of
not only the presence of mutations, but also the number of alleles (Ramlee et al.
2017). The detection of alleles, based on their size, makes it possible to differenti-
ate between wild type samples, heterozygous samples with one allele being wild
type and another mutant, heterozygous samples with two different alleles mutated
(Ramlee et al. 2017) or also mosaicism with the presence of more than two alleles
of different sizes (Navarro-Serna et al. 2021). In addition, the knowledge of the size
of alleles makes it possible to know if the difference in the number of nucleotides
causes a frameshift and gives rise to a knock-out phenotype. In an interesting
example, wild type (WT) sample and edited samples (Fig. 3.7a) as well as wild
type (WT) sample and homozygotic edited samples (Fig. 3.7b) were shown differ-
ence in the migration time and sequence.

Fig. 3.7 (continued) bottom of each figure. (a) sequence and capillary electrophoresis graph of
WT sample and edited sample with mosaicism. In the capillary electrophoresis graph three alleles
can be seen with the edited sample in blue and WT control sample in green. (b) sequence of wild
type sample and homozygotic edited sample. In capillary electrophoresis graph one allele can be
seen with the edited sample in blue and the WT control sample in green
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3.3.2.2 Sequencing Techniques

Although electrophoresis-based techniques offer a lot of useful information, they do
not make it possible to know the sequences of alleles detected. For this, it is neces-
sary to perform sequencing. Sanger sequencing is the method most reported in the
literature for detection of mutations (Burkard et al. 2017; Whyte et al. 2018; Chen
et al. 2019a; Whitworth et al. 2019; Hirata et al. 2020). In this method, the target
sequence is amplified by PCR and then sequenced directly (Sakurai et al. 2014).
Sequencing the PCR product directly produces a convoluted spectrum with overlap-
ping peaks in the Cas9 cut region, so, this makes it possible to detect mutations in
the sample, but the sequence cannot be known if the sample is not from a homozy-
gous organism (Dehairs et al. 2016).

To solve this, the PCR product can be purified and amplicons can be cloned into
vectors for bacterial propagation and single colony cloning sequencing (Lamas-
Toranzo et al. 2019a). Clonal sequencing makes it possible to detect the different
alleles present in a sample, and discern between wild type samples, heterozygous
samples with one allele wild type and another mutant, heterozygous samples with
two different alleles mutated, and mosaic samples. The difference with respect to
the fluorescent PCR-capillary gel electrophoresis technique is that clonal sequenc-
ing makes it possible to know the sequence, also giving information about base
substitutions and differences between alleles with the same number of inserted or
deleted base pairs but with different sequences.

This method requires more laborious work; however the development of soft-
ware to analyse sequences with overlapping peaks produced by DNA repair after
Cas9 cleavage has allowed the analysis in silico of mutation without the need for
clonal sequencing. Software such as Tracking of Indels by Decomposition (TIDE)
() makes it possible to determinate the spectrum and frequency of targeted muta-
tions designed to analyse a pool of cells (Brinkman et al. 2018). The ability of the
software to decompose sequences into as many alleles as detected makes it possible
not only to evaluate mutations (Le et al. 2020; Tanihara et al. 2020b) but also to
detect mosaicism (Yamashita et al. 2020).

Finally, the most complete and accurate method is next-generation sequencing.
This method makes it possible to obtain information about all the alleles present in
a sample (Tanihara et al. 2019a); nevertheless, it is more expensive than other meth-
ods mentioned above unless a large number of samples are analysed. This technique
consists of performing PCR on samples adding a barcode to identify each sample
(Hirata et al. 2019; Tanihara et al. 2019a; Le et al. 2020). Next, all samples to be
analysed are mixed together in a pool and sequenced. Finally, the data are analysed
and interpreted. This method is a good option when a large number of samples have
to be analysed, such as with candidate regions for off-target mutations (Le
et al. 2020).

In conclusion, we currently have a large number of options for evaluating muta-
tions after gene editing using CRISPR/Cas9, which can be chosen based on the
information required for the research.
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3.3.3 Negative Aspects of Gene Editing
3.3.3.1 Mosaicism

Mosaicism is the most important problem for gene editing in embryos (Hai et al.
2014). This involves the presence of two or more cell lines with different alleles of
the target gene in one organism due to the activity of Cas9 in the zygote after the
first DNA replication or even after the subsequent cell divisions. A problem with the
generation of mosaic organisms is that they cannot be used to provide samples to
study because the distribution and proportion of the different alleles with different
functionalities around the organism is unknown (Navarro-Serna et al. 2020).
Furthermore, there is a possibility that the edited alleles are not found in the germ
line and therefore the animal cannot be used as a founder of a colony. On the other
hand, there may be mosaic organism that have all the alleles edited and therefore
these organisms could present the desired phenotype (Yamashita et al. 2020).

In species that reach reproductive age quickly, such as mice, mosaicism is not an
important problem because a second generation can be obtained after crossing the
animals obtained in the first generation. Therefore, a second generation can be
obtained with the guarantee that these are not mosaics and that the allele detected in
one tissue is the same as that found in all tissues of the organism. However, in a
livestock species such as the pig, the time to reach reproductive age and gestation
time is longer, so mosaicism leads to a greater time being required to obtain piglets
with the required mutation (Mehravar et al. 2019).

One way to solve this problem is to perform embryo production by SCNT
because these embryos have the required mutation, which is previously analysed in
cell culture. However, due to the difficulties associated with cloning, gene editing
directly in zygotes is of great interest despite disadvantages such as mosaicism. In
the literature, several strategies have been described to try to reduce the mosaicism
such as, performing the delivery of CRISPR/Cas9 as early as possible with respect
to the first DNA replication in the zygote (Lamas-Toranzo et al. 2019b; Navarro-
Serna et al. 2021), the enhancement of repair mechanisms after the Cas9 cut to
decrease mosaicism (Yamashita et al. 2020), modifications of Cas9 protein (Tu et al.
2015), or editing strategies using multiple sgRNAs for the same target gene.

The timing of CRISPR/Cas9 delivery into the zygote cytoplasm with respect to
the first DNA replication in an important factor that affects the degree of mosaicism
(Navarro- Serna et al. 2021). In in vivo collected embryos, the control of timing is
so low that even unfertilized oocytes or two-cell embryos may be obtained (Peng
et al. 2015). Due to this lack of control, it is unknown whether at the time of micro-
injection the first DNA replication of the zygote has already taken place or not. Due
to this lack of control, the in vivo collected zygotes are injected just after being col-
lected (Hai et al. 2014; Petersen et al. 2016; Burkard et al. 2017; Gadea et al. 2018)
and therefore, this is the reason that high rates of mosaicism in live-born piglets are
reported by many authors (Peng et al. 2015; Wang et al. 2015¢; Yu et al. 2016; Zhou
et al. 2016). On the other hand, DNA replication in porcine zygotes produced
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in vitro has been described to begin between 8-9 hours post- insemination (Jeong
et al. 2007; Navarro-Serna et al. 2021). Despite this, in most studies, in vitro pro-
duced zygotes have been microinjected between 5 (Park et al. 2017) and 14 hours
post-insemination (Whitworth et al. 2014; Whitworth and Prather 2017).

The effect of CRISPR/Cas9 microinjection time has been studied in both parthe-
nogenetic pig embryos (Tao et al. 2016) and in vitro produced embryos (Navarro-
Serna et al. 2021). When an oocyte is activated by parthenogenetic activation, DNA
synthesis occurs between 5-6 hours post-activation (Liu et al. 1996). In a study
which used parthenogenetic pig embryos, activated oocytes were injected at 3, 8 or
18 hours after activation. In this study, the time of microinjection did not affect
cleavage and mutation rate but the percentage of embryo development was less in
the 3 hours group (Tao et al. 2016). Despite the mutation rate not being affected by
the timing, the biallelic mutation rate was influenced by the microinjection time
after parthenogenetic activation in pigs and the rate was higher when microinjection
was performed earlier, that is at 3 and 8 hours post- activation (Tao et al. 2016). The
mosaicism rate was also affected, and 1/3 of mosaic embryos were obtained when
the microinjection occurred before DNA replication and 100% after DNA replica-
tion (Tao et al. 2016). The same results were obtained when in vitro produced
embryos were microinjected at three different times: in oocytes before in vitro
insemination, 5-6 hours after insemination and 10-11 hours after insemination
(Navarro-Serna et al. 2021). In vitro embryo production and mutation rate was not
affected by the time of microinjection, but mosaicism was lower in embryos micro-
injected as soon as possible after the first zygotic DNA replication (Navarro-Serna
et al. 2021). These results suggest that performing the microinjection time earlier
may be a good strategy to reduce mosaicism, such that even the microinjection of
matured oocytes before insemination is a good option.

When zygotes are obtained by SCNT and then microinjected, timing is also an
important factor as following somatic cell injection an oocyte at metaphase-like
stage after 2 hours and pronuclear structure is formed within 6 hours (Bui et al.
2006). In Sheets et al. 2016 the time of microinjection into cloned zygotes was
4 hours after fusion (Sheets et al. 2016). In addition to delivering CRISPR/Cas9
components as soon as possible, other strategies have been described to reduce
mosaicism, such as reducing the half-life of Cas9 protein by tagging Cas9 with
ubiquitin-proteasomal degradation signals (Tu et al. 2017). The reduction of the
half-life of Cas9 leads to the concentration of the protein deceasing earlier than
wild-type Cas9, so that the protein concentration is reduced when the successive
DNA replications take place. As a consequence, this study reports a decrease in
mosaicism after using the modified Cas9 in primate embryos (Tu et al. 2017).

Another approach described to reduce mosaicism is to shorten the repair time of
the cuts produced by CRISPR/Cas9 (Yamashita et al. 2020). The authors that used
this strategy concluded that not only should Cas9 cut the target DNA before the first
DNA replication, but the repair and consequent creation of the mutation should also
take place before the DNA replication. If the repair occurs after DNA replication,
each replicated chain will have a different degree of repair, resulting in more than
two alleles and in the production of a mosaic organism. To solve this problem, the
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authors decided to introduce murine three-prime repair exonuclease 2 (mTrex2) into
porcine zygotes at the same time as CRISPR/Cas9 by electroporation. The results
showed that co-delivery of CRISPR/Cas9 and the repair protein mTrex2 can reduce
mosaicism (Yamashita et al. 2020).

Despite the improvements described, currently there is not any methodology to
completely remove the mosaicism in gene editing directly in embryos so, another
option described is to use multiple guides for the same target gene in order to gener-
ate knock- out piglets in which at least all cells of the organism have a loss of objec-
tive protein function and a knock-out phenotype, even it is due to different alleles
with different mutations (Whitworth and Prather 2017; Wu et al. 2017; Zuo et al.
2017; Hirata et al. 2020).

In conclusion, currently, the only method that allows the generation of one hun-
dred percent homozygous knock-out pigs edited by CRISPR/Cas9 is through
SCNT. However, if the goal is to generate a KO colony, one-step gene editing in
embryos is enough to achieve this.

3.3.3.2 Off-Target Mutations

The main advantage of programmable endonucleases is their high specificity for the
target sequence to be modified. However, there is the possibility that DNA sequences
similar to the sgRNA have sufficient consensus. This could mean that the Cas9 pro-
tein cuts in other regions of the genome different than the target sequence. These
modifications outside the target region are called off-target mutations. The editing
of other sequences in the genome of the organism could affect the expression or
integrity of other genes that could lead to phenotypic variations (Wang et al. 2015b).
This could complicate the phenotypic study of the animal models generated because
the phenotype that is observed might not be due to the modification of the target
gene but instead be due to alterations in other similar sequences in other genes.
Strategies to increase the specificity of editing have been designed, such as the
development of Cas9 nickases. Unlike the wild type Cas9, which generates a dou-
ble- strand break in the target site that is then repaired by NHEJ or HDR, Cas9
nickase produces a single-strand nick which is repaired without mistakes. This sys-
tem needs sgRNA pairs to produce two nicks in close proximity and generate a
double-strand break. The requirement to design two sgRNAs that recognize the
target gene reduces the possibility of off-target editing occurring but the likelihood
of HDR taking place is less than for double-strand breaks generated with wild-type
Cas9 editing (Shen et al. 2014). Previous studies showed that the CRISPR/Cas9
system might cut sequences with divergences from the PAM sequence (Wang et al.
2016) and these mistakes could cause off-target editing, nevertheless the presence
of off-target mutations in genetically modified piglets produced by CRISPR/Cas9
has not been reported (Navarro-Serna et al. 2020). Studies of off-target mutations in
pigs detected de novo mutations in genetically modified pigs with a frequency close
to that previously estimated in humans, which indicates that in this study, CRISPR/
Cas9 does not significantly increase the rate of off- target mutations (Wang et al.
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2016). Furthermore, another study in porcine embryos found that the frequency of
off-target mutations was very low, even when using a high concentration of CRISPR/
Cas9 complex (Le et al. 2020).

In conclusion, the low incidence of off-target mutations reported is due to the use
of bioinformatic guide design tools and the knowledge available about whole
genome sequences of Sus scrofa in data bases. This has made it possible to design
sgRNAs associated with a very low possibility of producing off-target mutations(Le
et al. 2020).

3.3.3.3 Chromosome Aberrations

The generation of genetically modified pigs using CRISPR/Cas9 involves a compli-
cated gamete manipulation process. In addition to gene editing, other processes are
involved such as oocyte in vitro maturation, collection and in vitro culture of
embryos produced in vivo, cloning, microinjection, electroporation, in vitro fertil-
ization and culture, and embryo transfer.

In the literature, it has been reported that assisted reproductive techniques in pigs
can produce chromosome aberrations such as aneuploidies (Hornak et al. 2009) and
chromosome translocations (Garcia-Vazquez et al. 2011). Studies in porcine blasto-
cysts showed that around forty percent of in vitro produced embryos had chromo-
somal aberrations (Ulloa Ullo et al. 2008; Hornak et al. 2009). Although it is
possible that many of these abnormalities are not compatible with generating a live-
born piglet, some of them are compatible. Indeed, in our studies we have detected
the presence of reciprocal chromosomal translocation in piglets produced by ICSI
(Garcia-Vazquez et al. 2011) and also when we generated gene edited pigs, a double
chromosomal translocation was detected in one homozygous knock-out pig pro-
duced in vitro (Navarro-Serna et al. 2021). Despite the risk of chromosomal aberra-
tions, the karyotype has not been analyzed in other studies in which CRISPR/Cas9
gene editing pigs were produced. This means that there may be chromosomal altera-
tions that cause health problems in animal models which are falsely attributed to the
desired gene modification.

3.4 Applications of Gene Edited Pigs

The ability to edit genes allows insertion of exogenous sequences (knock-in) or
elimination of gene function (knock-out), which could have unlimited applications
for use in basic science, agriculture, and biomedicine. In these areas, the production
of genetically modified pigs makes it possible to investigate areas of interest such as
gene expression, protein structure, intracellular mechanisms and gene functions
(Whitelaw et al. 2016; Yao et al. 2016; Burkard et al. 2017; Wells and Prather 2017).
The use of gene edited pigs is higher in biomedicine than in agriculture. This is due
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to the severe restriction of consumption of food products derived from genetic mod-
ified organisms (GMO’s). This topic will be revised in Sect. 3.6 of this chapter.

3.4.1 Basic Science

Knock-out and knock-in pigs are used to study the function of different genes or
proteins as complementary studies with murine models in different areas of knowl-
edge (Table 3.1). For example in the developmental biology area, a knock-out model
for OCT4 was developed to study the function of this transcription factor in the
early development of the pig embryo (Kwon et al. 2015) and Lai et al. produced a
knock-in model introducing the coding gene of a fluorescent protein under the

Table 3.1 Gene edited pigs with applications in basic science

Research field | Gene Study Methodology | Model | References
Development OCT4 Preimplantation embryo | Injection KO Kwon et al.
biology development (2015)
Development OCT4 Pluripotency cells SCNT KI Lai et al.
biology reporter (2016)
Immunology PBD2 Protection against SCNT KI Huang et al.
infection (2020a)
Immunology IgM B-cell deficiency SCNT KO Chen et al.
(2015)
Metabolism GRB10 | Insulin resistance and Injection KO Sheets et al.
obesity (2016)
Metabolism MC3R Fat metabolism, energy | SCNT KO Yin et al.
homeostasis (2019)
Metabolism IRX3 Body mass, fat SCNT KO Zhu et al.
metabolism and obesity (2020a)
Organogenesis | NGN3 Pancreas development | Injection and | KO Sheets et al.
SCNT 2018)
Organogenesis | SIX1 and | Kidney development SCNT KO Wang et al.
SIX4 (2019b)
Organogenesis | EDA Submucosal glands Injection KO Ostedgaard
development et al. (2020)
Organogenesis | ETV2 Hematoendotelial SCNT KO Das et al.
linages (2020)
Reproduction PTGS2 | Embryonic development | SCNT KO Pfeiffer et al.
and luteal function (2020)
Reproduction BMP15 | Female fertility and SCNT KO Shi et al.
follicular development (2020))
Reproduction SRY Sex determination Injection KO Kurtz et al.
(2021)
Cellular biology | TPC2 Calcium signalling Injection KO Navarro-Serna

etal. (2021)

SCNT Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos
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control of the promoter of OCT4 in order to localize and monitor pluripotency (Lai
et al. 2016).

Different models have been developed to study the role of different genes in
organogenesis. For example, pigs with a knock-out in NGN3 (Sheets et al. 2018),
SIX1 and SIX4 (Wang et al. 2019b), ETV2 (Das et al. 2020) or EDA (Ostedgaard
et al. 2020) were used to study pancreas, kidney, hematoendotelial and submucosal
gland development, respectively. Other genetically modified pigs were produced to
investigate the functions of different genes in fat metabolism, insulin resistance and
obesity, such as GRB10 (Sheets et al. 2016), MC3R (Yin et al. 2019) and IRX03
(Zhu et al. 2020a), respectively.

Other examples of models produced in the area of basic science are pigs with
knock-out in PTGS2 to study its function in embryonic development and luteal
function (Pfeiffer et al. 2020), in BMP15 to investigate its function on follicular
development (Shi et al. 2020) and in PBD2, a gene with antimicrobial activity
(Huang et al. 2020a). We have developed a TPC2 KO pig model to explore the func-
tional role of TPC2 in calcium signalling pathways (Navarro-Serna et al. 2021). The
information generated with the use of gene edited pig models will be complemen-
tary to knowledge derived from cell and rodent models (Hryhorowicz et al. 2020).
Most of the pig models generated are KO (Table 3.1), probably because the first
steps in the study of the function of a gene is the knock out and on the other hand
the efficiency for KO models is higher than for KI models.

3.4.2 Agricultural Production

In terms of agricultural applications, the CRISPR/Cas9 system can be used with the
objective of creating animals with an improved carcass composition, decreasing
input requirements, animals with an improved milk production, or animals that are
resistant to diseases (Gadea and Garcia Vazquez 2010; Murray and Maga 2016;
Wells and Prather 2017; Yang and Wu 2018).

3.4.2.1 Animal Health

Porcine infectious diseases are a great problem for pig production, with huge eco-
nomic costs and a blockade of the international market and interchange. One of the
main applications of genome modification in animals for agriculture is the genera-
tion of animals resistant to diseases (Whitelaw and Sang 2005; Lassnig and Miiller
2015). (Table 3.2). In order to improve the general immune defence of the animals,
Han et al. generated knock-in porcine models for lactoferrin, an immune-active
protein with antimicrobial and antiviral activity, to improve milk quality and subse-
quently piglet development (Han et al. 2020).

In relation to viral diseases, two main strategies could be applied using CRISPR/
Cas9 technology to inhibit or block viral infection, one of them involves targeting
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Table 3.2 Gene edited pigs with applications in animal health

Gene Study Methodology Model | References
CD163 and Resistance to PRRS SCNT and KO Whitworth et al.
CDID Injection (2014)
CD163 Resistance to PRRS Injection KO Burkard et al.
(2017)
TMPRRSS2 Resistance to influenza virus Injection KO Whitworth et al.
(2017)
“shRNA” Resistance to classical swine SCNT KI Xie et al. (2018)
fever virus
CD163 Resistance to PRRS SCNT KO Yang et al.
(2018)
CD163 Resistance to PRRS SCNT KO Wang et al.
(2019a)
CD163 Resistance to PRRS SCNT KO Guo et al.
(2019a)
CD163 Resistance to PRRS Electroporation | KO Tanihara et al.
(2019b)
CD163/ Resistance to PRRS SCNT KO/ | Chen et al.
hCD163 KI (2019b)
pAPN Resistance to coronavirus Injection KO Whitworth et al.
(2019)
pAPN Resistance to transmissible SCNT KO Luo et al. (2019)
gastroenteritis virus (TGEV)
CD163 & Resistance to PRRS and TGE SCNT KO*2 | Xu et al. (2020)
pAPN
pRSAD2 Resistance to classical swine SCNT KI Xie et al.
fever and pseudorabies (2020b)
Lactoferrin antibacterial activities in milk SCNT KI Han et al.
(2020)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos

host genes that are essential for viral infection (cell receptors, etc) and the other
directly targeting viral DNA as a potential antiviral strategy (Soppe and Lebbink
2017). Porcine reproductive and respiratory syndrome (PRRS) is one of the most
important panzootic infectious viral diseases in pigs and due to the generation of
late-term abortions and stillbirths, this disease causes important economic losses to
the farming industry, (Wells and Prather 2017). For that reason, the most common
model for disease resistance produced using CRISPR/Cas9 is the one resistant
to PRRS.

The first attempt to modify the receptors of the virus in porcine alveolar macro-
phages involved generating a KO pig for CD169 (Prather et al. 2013). However, the
KO pigs suffered the same course of the PRRS disease. The same group later gener-
ated other KO models for CD163 and CD1D as a possible way to block the interac-
tion between the virus and the macrophages (Whitworth et al. 2014). CD163 has
been identified as a putative fusion receptor for the PRRS virus, so different authors
from different labs produced knock-out pigs for CD163 that are resistant to PRRS
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(Burkard et al. 2017; Yang et al. 2018; Guo et al. 2019a; Tanihara et al. 2019b; Wang
et al. 2019a). Furthermore, Whitworth et al. and Xu et al. disrupted CD1D (a major
histocompatibility complex protein) and pAPN (receptor of transmissible gastroen-
teritis (TGE) virus), respectively, producing double knock-out animals resistant to
PRRS and the ones in the second study resistant to TGE, as well (Xu et al. 2020).
Another strategy to achieve this resistance is replacing the SRCRS domain of the
CD163 gene with the corresponding domain of human CD163 (Chen et al. 2019b).

In addition to PRRS, other diseases were targeted such as those linked to infec-
tion by different viruses including coronaviruses. With this aim, Whitworth et al.
and Luo et al. produced porcine models lacking aminopeptidase-N, a protein pres-
ent on the surface of epithelial cells that has been suggested as a receptor for differ-
ent coronaviruses (Luo et al. 2019; Whitworth et al. 2019). Going further, Xie et al.
produced a knock-in model, piglets that produced pPRSAD2, an enzyme with antivi-
ral activities against a wide range of viruses such as classic swine fever virus or
pseudorabies virus (Xie et al. 2020b).

Another indirect application of the CRISPR/Cas9 system in the control of viral
infections that is not directly via generation of resistant pigs, involves developing
mutations in the virus that could facilitate the design of valuables vaccines or by the
use of CRISPR/Cas9 for the diagnosis of the disease. A clear example of these alter-
natives is in African swine fever (ASF), by use of this methodology for vaccines
(Borcaetal. 2018; Hubner et al. 2018) and diagnosis (Bai et al. 2019; He et al. 2020).

One strategy to control viral diseases is the use of specific small hairpin RNAs
(shRNA) to reduce the susceptibility to infection by very contagious viral diseases
that leads to important economic losses in the pig industry, such as foot and mouth
disease virus (Hu et al. 2015). With the application of CRISPR/Cas9 technology,
shRNA and SCNT the knock-in (KI) animals are protected against classical swine
fever virus (Xie et al. 2018).

3.4.2.2 Animal Production Improvement

In addition, animal production can be improved by targeting different genes that do
not involve disease resistance. The most common one is the gene encoding for myo-
statin, a negative regulator of muscle growth. Different authors have developed
knock-out models for myostatin which exhibit greater muscle mass, enhancing in
this way the quality of the product (Wang et al. 2015a; Tanihara et al. 2016; Li et al.
2020b; Zhu et al. 2020b). Another approach for improving muscle development is
the one proposed by Liu ef al., who disrupted the insulin growth factor 2 (IGF2)
gene (Liu et al. 2019) (Table 3.3).

Other authors have developed models involving the introduction of one or more
foreign genes. Knock-in pigs for Fat-1 have been produced to improve meat quality.
This gene encodes a fatty acid desaturase which converts n-6 polyunsaturated fatty
acids to n-3 poly- unsaturated fatty acids, that provide more health benefits (Li et al.
2018). Another example is the knock-in for uncoupling protein 1 (UCP1). This pro-
tein is located in the inner mitochondrial membrane and regulates heat production,
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Table 3.3 Gene edited pigs with applications in animal production improvement

Research
field Gene Study Methodology | Model | References
Growth MSTN Muscle development | SCNT and KO Kang et al.
Talen (2017)
Growth MSTN Muscle development | SCNT KO Wang et al.
(2015a)
Growth MSTN Muscle development | SCNT KO Wang et al.
2017b)
Growth MSTN Muscle development | SCNT KO Lietal.
(2020b)
Growth MSTN Muscle development | SCNT KO Zhu et al.
(2020b)
Growth MSTN Muscle development | Electroporation | KO Tanihara
et al. (2016)
Growth IGF2 Muscle development | SCNT KO (Liu et al.
2019)
Metabolism | UCP1 Thermoregulation SCNT KI Zheng et al.
(2017)
Meat quality | Fat-1 Fatty acids n-3PUFAs | SCNT KI Lietal.
(2018)
Pollution p-glucanase, Production of SCNT KI*3 |Lietal.
reduction xylanase, and digestive enzymes (2020a)
phytase

SCNT: Somatic cell nuclear transfer

but it is absent in pigs. These knock-in animals can better maintain their body tem-
perature and showed decreased fat deposition, improving in this way production
efficiency (Zheng et al. 2017).

3.4.2.3 Pollution Reduction

Pigs lack several enzymes in their digestive tract that hydrolyse plant cell walls to
release the nutrients that could be absorbed during digestion. An interesting
approach is the integration of bacterial enzymes in the salivary glands of the pig to
hydrolyse the complex carbohydrates such as the phytate that contains phosphorus
in the diet. The objective of this methodology is to increase the intestinal absorption
of these nutrients and reduce the presence of this compound in the manure, this
being an ecological contamination problem in some areas.

These models have been previously produced by other technologies different
than endonucleases like pronuclear injection (Golovan et al. 2001). Using the PSP/
APPA transgene (parotid secretary protein promoter linked to the Escherichia coli
appA phytase gene) one study produced pigs that expressed the functional enzyme
in the saliva with a resulting increase in phosphorus digestibility and reduction of
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phosphorus in the manure (Golovan et al. 2001; Forsberg et al. 2014a). This model
was known as the Enviropig and supported by the Guelph University in Canada. The
Enviropig’s characteristics have been described (Murray et al. 2007; Golovan et al.
2008; Forsberg et al. 2013; Forsberg et al. 2014a; Forsberg et al. 2014b), as has the
manure that they produce (Mao et al. 2008). The animals were terminated in 2012
(Clark 2015).

Later using electroporation and SCNT another study generated pigs with three
microbial enzymes, f-glucanase, xylanase, and phytase in the salivary glands
(Zhang et al. 2018b). The expression of these enzymes led to a reduction in nitrogen
and phosphorous in manure and an increase in growth rates (Zhang et al. 2018b). In
another study PiggyBac Transposons and SNCT were used to generate pigs that
expressed in their saliva four enzymes; pectinase, xylanase, phytase, and TeEGI
(cellulase and B-glucanase) using somatic cell cloning (Wang et al. 2020).

Recently, the application of CRISPR/Cas9 and SCNT led to the generation of a
triple knock-in (Li et al. 2020a). The authors integrated into the porcine genome
three genes encoding three microbial enzymes (p-glucanase, xylanase, and phy-
tase), which are produced in the salivary glands of the knock-in pigs. This model
improves feed efficiency and reduces environmental impact because these enzymes
degrade non-starch polysaccharides and phytate in plants, which can significantly
promote the digestion of nitrogen and phosphorus in formula feed (Li et al. 2020a).

3.4.3 Biomedicine

The third group of applications is related to biomedicine. This group includes mod-
els produced to improve xenotransplantation, to produce different bioproducts and
to mimic and study several human diseases.

3.43.1 Xenotransplantation

Organ transplantation is the only option for patients with severe organ failure, but
there are not sufficient donors to cover the large number of patients that need one
(Niemann and Petersen 2016). Xenotransplantation is a potential approach to solve
this problem. The pig is considered the most suitable species for this purpose due to
its ease of breeding and the similarities with humans regarding physiology and
organ size and function. The major problem for clinical application of xenotrans-
plants is the adverse immune reaction of the host (Niemann and Petersen 2016;
Naeimi Kararoudi et al. 2018; Niu et al. 2021). The first immune reaction of the host
body is the hyperacute rejection (HAR), which is induced by pre-existing antibodies
that principally target a-Gal antigens that exist on the surface of porcine cells (Fu
et al. 2020). Different knock-out pigs were produced to eliminate these antigens in
order to decrease the HAR. With this purpose, the GGTA1 gene, encoding for a
galactosyltransferase that catalyses the formation of the a-Gal antigen, was
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disrupted producing GGTA1 knock-out pigs (Petersen et al. 2016; Chuang et al.
2017; Tanihara et al. 2020a). In addition to this modification, other genes were tar-
geted at the same time to produce triple and quadruple knock-out pigs (Zhang et al.
2018a; Fischer et al. 2020; Hein et al. 2020; Tanihara et al. 2021).; in addition, there
have been other targets (Li et al. 2015; Sake et al. 2019; Fu et al. 2020) (Table 3.4).

Other examples of genetically modified pigs with xenotransplantation applica-
tions are the ones produced by SCNT by Hinrichs e al. who disrupted the growth
hormone receptor (GHR) in GGTA I-deficient cells expressing the human cluster of
differentiation (hCD46) and human thrombomodulin (WnTHBD) to reduce the size of
organ donor pigs for preclinical studies (Hinrichs et al. 2020) or the pigs with severe
combined immunodeficiency produced by Boettcher et al., who depleted the IL2RG
gene in pigs within a naturally occurring disruption of DCLREIC (ARTEMIS)
background (Boettcher et al. 2020).

In addition to problems related to immune system responses against xenotrans-
plants, the transplantation of organs from one species to another may be associated
with other difficulties such as the transmission of endogenous retroviruses. Porcine
endogenous retroviruses (PERV) are gamma retroviruses which can infect human
cells and integrate into the human genome in cell culture (Yang et al. 2015). Even
though no study has observed PERV transmission to humans, they could potentially
integrate into the host genome and lead to immunodeficiency and tumorigenesis, so
these retroviruses need to be annulled in order to generate a pig that can be used as
an organ donor. For this reason, some studies have focused on generating pigs free
of PERV (Niu et al. 2017; Li et al. 2019a; Niu et al. 2021).

In the case of liver transplantation, coagulation and blood factors are crucial for
the success of the transplant so Li ef al. proposed a knock-in model to solve this
problem. They produced by SCNT, pigs expressing the humanized liver proteins

Table 3.4 Gene edited pigs with applications in xenotransplantation

Gene Methodology | Model | Year | References

GGTAI1, CMAH, iGb3S SCNT KO*3 | 2015 | Lietal. (2015)
GGTAl Injection KO 2016 | Petersen et al. (2016)
Porcine endogenous retroviruses SCNT KO 2017 | Niu et al. (2017)
GGTA1 Injection KO 2017 | Chuang et al. (2017)
GGTAL, p4GaINT2 and CMAH SCNT KO*3 |2018 | Zhang et al. (2018a)
hF7 and hAlbumin SCNT KI*2 2019 | Lietal. (2019a)
B-2-microglobulin SCNT KO 2019 | Sake et al. (2019)
GHR SCNT KO 2020 | Hinrichs et al. (2020)
GGTA1, CMAH, p4GalNT2 and 2M | SCNT KO * 4 |2020 | Fischer et al. (2020)
GGTA, CIITA and f2M SCNT KO*3 |2020 | Fu et al. (2020)
GGTA1, CMAH and 2M SCNT KO*3 |2020 | Hein et al. (2020)
IL2RG SCNT KO 2020 | Boettcher et al. (2020)
GGTA1 Electroporation | KO 2020 | Tanihara et al. (2020a)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos
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blood-coagulation factor VII (hF7) and albumin (hALB), replacing the previous
background of pig F7, with a negative PERV background (Li et al. 2019a).

3.4.3.2 Bioproducts

Pigs can be used as bioreactors to produce different bioproducts (reviewed by
(Gadea and Garcia Vazquez 2010; Bertolini et al. 2016)), but this application is the
least developed so far. For now, only two genetically modified pigs were developed
using CRISPR/Cas9 to synthetise bioproducts. The first one is the one proposed by
Peng et al., a knock-in model for human serum albumin, the most abundant plasma
protein which is needed for essential processes such as maintenance of plasma
oncotic pressure, or transportation of small molecules. This protein is needed in
cases of severe diseases such as liver failure or traumatic shock (Peng et al. 2015).
The second example is a knock-out model for IgM. These animals do not pro-
duce B-cells, which is the first step for developing pigs that produce humanized
polyclonal antibodies that can be used in clinical medicine (Chen et al. 2015).

3.4.3.3 Models of Human Diseases

Pigs are an excellent animal model for understanding the pathological processes of
human diseases and developing therapeutic strategies because of their similarity to
humans in terms of anatomy, physiology, and genetics (Perleberg et al. 2018). A lot
of different models of human diseases have been developed using CRISPR/Cas9
since 2014, covering diverse areas from oncology to hearing loss (Table 3.5).

The area in which most disease models have been developed is for neuroscience.
Parkinson’s disease is the most common neurodegenerative movement disorder in
the elderly, so Parkinson models have been produced using different strategies.
Zhou et al. disrupted two genes, PARK?2 and PINK1 producing a double knock-out
model (Zhou et al. 2015). The PARK2 gene encodes a protein called parkin, a com-
ponent of multiprotein E3 ubiquitin ligase complex and PINKI1 gene encodes
PTEN-induced putative kinase 1, a mitochondrial serine/threonine-protein kinase.
The depletion of either of these two genes produces autosomal recessive early-onset
Parkinson’s disease in humans (Zhou et al. 2015). In addition to this combination,
Wang et al. produced a triple knock-out targeting PARK?2, PINKI and DJ1, to
model early-onset Parkinson’s disease (Wang et al. 2016).

Duchenne’s muscular dystrophy is an X-linked hereditary muscular dystrophy
and people who have this disease suffer a severe and progressive clinical course of
muscle weakness, loss of ability to move, and finally death, but no treatment has yet
been developed. The disease is caused by a mutation in the dystrophin gene. For that
reason, knock-out pigs for dystrophin were produced (Yu et al. 2016; Wu et al.
2018). Limb-girdle muscular dystrophy also has no treatment and causes muscle
wasting. Expression levels of the FBX040 gene decrease in limb-girdle muscular
dystrophy patients, so a knock-out model of FBX0O40 was developed to study this
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Table 3.5 Gene edited pigs as model of human diseases
Gene Human disease Area Methodology | Model | Year | References
LMNA Hutchinson- Ageing SCNT KI 2019 | Dorado
Gilford progeria etal.
syndrome (2019)
ApoE and Atherosclerosis Cardiovascular | SCNT KO 2017 | Huang
LDLR *2 et al.
(2017)
OSBPL2 Deafness Deatness SCNT KO 2019 | Yao et al.
(2019)
Mutant GJB2 | Hearing loss Dermatology | Injection KI 2020 | Xie et al.
CDS (2020a)
HR Atrichia Dermatology | SCNT KO 2019 | Gao et al.
(2019)
vWF Von Willebrand Haematology | Injection KO 2014 | Hai et al.
disease (VWD) (2014)
F9/hF9 Haemophilia B Haematology | SCNT KO/ 2020 | Chen et al.
KI (2020)
TYR, IL2RG, | Albinism and Immunology | Injection KO*3 |2019 | Chen et al.
and RAG1 immunodeficiency (2019a)
NLRP3 Cryopyrin- Immunology |SCNT KO 2020 | Li et al.
associated periodic (2020c¢)
syndrome
TYR Albinism Melanin SCNT KO 2015 | Zhou et al.
biosynthesis (2015)
MITF Hypopigmentation, | Melanin Injection KO 2015 | Wang et al.
deafness, biosynthesis (2015b)
Waardenburg and
Tietz syndromes
INS Diabetes mellitus | Metabolism SCNT KO 2018 | Cho et al.
(2018)
GHR Laron Syndrome | Metabolism Injection KO 2018 | Hinrichs
etal.
(2018)
hIAPP Diabetes mellitus | Metabolism SCNT KI 2019 | Zou et al.
(2019)
PDX1 Diabetes mellitus | Metabolism Electroporation | KO 2020 | Tanihara
et al.
(2020b)
PARK2 and | Parkinson Neurology SCNT KO*2 | 2015 | Zhou et al.
PINK1 (2015)
parkin, DJ-1, | Parkinson Neurology Injection KO 2016 | Wang et al.
PINK1 *3 (2016)
DMD Muscle dystrophy | Neurology Injection KO 2016 | Yu et al.
(2016)
TPH2 Neuropsychiatric | Neurology SCNT KO 2017 | Liet al.
disorders (2017b)

(continued)
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Table 3.5 (continued)

Gene Human disease Area Methodology | Model | Year | References
SCNA Parkinson Neurology SCNT KO 2018 | Zhu et al.
(2018)
DMD Muscle dystrophy | Neurology SCNT KO 2018 | Wu et al.
(2018)
FBX040 Muscle dystrophy | Neurology SCNT KO 2018 | Zou et al.
(2018)
Phenylalanine | Phenylketonuria Neurotoxicity | Injection KO 2020 | Koppes
hydroxylase | (PKU) etal.
(PHA) (2020)
RUNX3 Cancer Oncology SCNT KO 2016 | Kang et al.
(2016)
MITF Hypopigmentation, | Oncology Injection KO 2017 | Hai et al.
deafness, (2017)
Waardenburg and
Tietz syndromes
TP53 Cancer Oncology Electroporation | KO 2018 | Tanihara
etal.
(2018)
COL2A1 Type 11 Skeletal SCNT KO 2020 | Zhang
collagenopathy development et al.
(2020)

SCNT: Somatic cell nuclear transfer. Injection: Intracytoplasmic microinjection of oocytes/embryos

disease and the function of FBXO40 in skeletal muscle development (Zou
et al. 2018).

Another group of models are the one related to metabolic diseases such as diabe-
tes mellitus. Diabetes mellitus is a chronic disease, characterized by high blood
glucose levels, polyuria, polydipsia, and weight loss. It is one of the most common
public health problems worldwide and large animal models for the evaluation of
different treatments are required. The major cause of diabetes is the deficiency in
functional insulin because of abnormal insulin secretion and/or decreased physio-
logical responses to insulin. For that reason, different models of genetically modi-
fied pigs were produced (Zettler et al. 2020). Cho et al. produced insulin deficient
pigs by disrupting the INS gene, so the piglets were not able to produce insulin (Cho
et al. 2018). Tanihara et al. targeted the pancreatic duodenal homeobox 1 (PDX1)
gene, producing a monoallelic disruption. The biallelic

mutation of this gene causes abnormal development of the pancreas and death
during infanthood, but a monoallelic mutation of the PDX1 gene impairs insulin
secretion from pancreatic pB-cells, causing diabetes (Tanihara et al. 2020b). Islet
amyloid polypeptide (IAPP) is a polypeptide hormone that has a toxic effect on
[B-cells when it aggregates which leads to the progressive failure of insulin secretion.
Human IAPP is one of the most highly aggregated polypeptides and some studies
considered the amyloidosis of human IAPP as a potentially important cause of
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diabetes mellitus type II. Therefore, Zou et al. developed a knock-in model that
express human IAPP to study the pathogenesis of diabetes mellitus type II (Zou
et al. 2019).

Cancer is one of the most common cause of death worldwide so suitable animal
models are needed to study this group of diseases and its treatment. Runt-related
transcription factor 3 (RUNX3) is known as a tumour suppressor gene which, when
absent, contributes to gastrointestinal cancer development, so a knock-out model for
RUNX3 was developed to study this type of cancer (Kang et al. 2016). In addition,
the TP53 gene encodes a transcription factor that acts as a tumour suppressor by
promoting senescence or apoptosis following DNA damage induced by cell stress.
Mutations in this gene are associated with cancer in humans, in particular with Li
Fraumeni multiple cancer syndrome. To study this disease, Tanihara et al. produced
knock-out piglets by disrupting TP53 (Tanihara et al. 2018).

Haemophilia B is an inherited X-linked bleeding disorder caused by a dysfunc-
tion in the F9 gene which encodes the coagulation factor IX, a vitamin K-dependent
plasma protein that participates in the intrinsic blood coagulation pathway. In
patients with haemophilia B, recurrent spontaneous bleeding mainly occurs in the
synovial joints causing chronic pain, immobility, and an important reduction in
quality of life. Chen er al. developed a pig model to study haemophilia B by deplet-
ing the F9 gene. Furthermore, they used the CRISPR/Cas9 system to introduce the
human F9 gene into knock-out fibroblasts for F9, to determine if this gene therapy
procedure could ameliorate the bleeding phenotype (Chen et al. 2020).

Other examples of production of models for human diseases are summarised in
Table 3.5 and include models for deafness (Yao et al. 2019; Xie et al. 2020a), ath-
erosclerosis (Huang et al. 2017), albinism (Zhou et al. 2015; Chen et al. 2019a) and
Hutchinson- Gilford progeria syndrome (Dorado et al. 2019), among others.

3.5 Future Directions

3.5.1 Base Editors

In addition to the conventional use of Cas9 to generate INDELSs, modifications of
this Cas protein have been developed. Among the modified forms of Cas9, base edi-
tors stand out. These proteins are synthetic enzymes derived from modifications of
Streptococcus pyogenes Cas9 which induces single-nucleotide changes in the DNA
sequence without cutting the DNA double strand of DNA (Komor et al. 2016; Kim
et al. 2017).

Base editors are characterized by the presence of Cas9 with a defective catalyti-
cal domain, called dead Cas9 or with an impaired catalytical domine, called Cas9
nickase and fused with a deaminase (Kim et al. 2017). The main advantage of base
editor is the ability to generate desired mutations without double-stranded DNA
breaks and DNA donor template to produce a knock-in, allowing therefore the
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possibility of producing the desired stop codons or precise modifications to make
personalized disease models caused by pair base substitution (Kim et al. 2017; Eid
et al. 2018).

Depending on the presence of a cytidine deaminase or an adenine deaminase, the
base editors system can be classified in two groups: cytosine base editors that con-
vert C:G pairs to T:A pairs and adenine base editors that convert A:T pairs to
G:C pairs.

The enzymatic activity of a cytosine base editor involves the conversion of cyto-
sine into uracil by deamination. Thus, a cytosine that pairs with guanine becomes an
uracil that has base-paring proprieties of thymine and it pairs with adenine (Kim
et al. 2017). A cytosine base editor requires the presence of the target cytosine
within a 5-nucleotide window near the PAM sequence, within the position 4 to 8
(Komor et al. 2016). Despite the precision, this 5-nucleotide window can be a prob-
lem because the enzyme can modify all cytosine in that range, inducing undesired
changes to the target locus (Komor et al. 2016).

In 2016, the first cytosine base editor (BE1) was developed, using rat APOBECI
as deaminase and a dead Cas9 plus XTEN domain (Komor et al. 2016).
Subsequentely, a second generation of base editor (BE2) was designed by the addi-
tion of uracil DNA glycosylase inhibitor (UGI) to the complex APOBEC-XTEN-
dCas9-UGI (Komor et al. 2016). UGI inhibits uracil DNA glycosylase, which
removes uracil from DNA and initiates base-excision repair with the reversion of
the U:G pair to C:G pair, decreasing the efficiency of base editors (Komor et al.
2016). Up to this moment, the maximum efficiency that could be achieved was 50%
because only one chain of the double stranded DNA was modified.

With the objective of going beyond the limit of inducing changes in the non-
edited chain, a third generation was developed (BE3). In this generation, the HNH
domain of Cas9 was restored (APOBEC-XTEN-dCas9(A840H)-UGI) (Komor
et al. 2016). Therefore, dCas9 was substituted by nickase Cas9 to cut the DNA
strand containing the unedited guanine to stimulate the repair of this chain.
Therefore, cutting in the non-edited change increases the possibilities of solving the
U:G mismatch in U:A respect C:G (Komor et al. 2016).

Subsequently, new versions have been developed. A fourth generation (BE4) of
cytidine base editor was designed with the addition of a second copy of UGI to the
C terminus of the construct (Komor et al. 2017). Also, to increase the stability of the
double strand, the bacteriophage Mu-originated Gam protein was added (BE4-
Gam) (Yuan et al. 2020). Gram protein of bacteriophage Mu binds to the end of
DSBs and protects them from degradation, as this would reduce the indel formation
during the process of base editing (Komor et al. 2017).

The addition of nuclear localization signals (NLSs) to the cytosine base editor
was also described (Koblan et al. 2018). This modification increased the mutation
rate but simultaneously produced other unwanted mutations (Yuan et al. 2020).

In porcine embryos, the use of cytosine base editors has been described (Xie
et al. 2019; Su et al. 2020; Yuan et al. 2020), but not yet adenine base editors. In
these studies, cytosine base editors of different generations were used. In all studies,
the strategy used was to produce premature stop codons. In this way, knock-out
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embryos were generated to model diseases such as Duchenne muscular dystrophy
(Xie et al. 2019; Su et al. 2020), albinism (Xie et al. 2019), Hutchinson-Gilford
Progeria syndrome (Xie et al. 2019), and the absence of cell of immune system (Xie
etal. 2019). In the field of xenotransplantation; cytosine base editors have also been
used for also for knock-out porcine endogenous retroviruses (Xie et al. 2019) and
simultaneously knock-out three genes (GGTA1, B4GalNT2 and CMAH) to remove
the expression of alpha-1,2-galactose in pigs, the major hyperacute rejection xeno-
antigen (Yuan et al. 2020).

3.5.2 Conditional Models

The Cre—loxP system is a powerful tool for conditional models, that is successfully
used for murine models. This system makes it possible to investigate genes of inter-
est in a specific organ/tissue in a specific moment or time (Smedley et al. 2011). The
Cre-loxP system needs two elements. First, Cre-driver animals are generated in
which Cre recombinase is expressed by a promoter that specifically targets the cell
or tissue of interest. Second, specific genes are engineered to be flanked by loxP in
specific animals (floxed animals). Conditional knockout pig are generated by breed-
ing the Cre-driver animals with floxed ones. The specificity and timing of recombi-
nation are controlled by use of a promoter and/or enhancer.

Although many Cre—loxP mouse models have been established, there are few pig
models available. Some Cre pigs have been generated for specific tissues as germ
cells by using the VASA promoter (Song et al. 2016), for astrocytes using the pro-
moter of the pig glial fibrillary acidic protein (pGFAP) gene (Hwang et al. 2018),
alveolar epithelial cells (Luo et al. 2014b) or kidney collecting duct cells (Luo et al.
2014a). Also, different authors have developed models with reporters for monitor-
ing Cre activity in vivo (Li et al. 2009; Li et al. 2014). Additionally, different strate-
gies have been developed for the efficient deletion of the IoxP flanked selectable
marker like use of neomycin to avoid possible side effects (Whitworth et al. 2018;
Huang et al. 2020b). In pigs, this conditional gene expression strategy has been used
to promote oncogenic expression. The Oncopig is a transgenic pig with Cre-
inducible TP53R167H and KRASG12D mutations (Schook et al. 2015; Schook
et al. 2016). This commercially available model have been used to study liver and
pancreatic cancer (Schachtschneider et al. 2017; Boas et al. 2020).

3.6 Legal and Ethical Regulations

The use of gene editing in organisms with the aim of achieving genetic advantages
in a short time has been highly controversial. After the application of gene editing
technologies, and the development of programmable endonucleases that are as easy
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and cheap to use as CRISPR/Cas9, it was necessary to create legislation to regulate
the use of this technology.

Currently, genetically modified organisms are covered by the same regulations as
transgenic organisms (Lamas-Toranzo et al. 2017; Wasmer 2019). This legislation
also includes organisms with simple genetic modifications generated by genetic
engineering, such as mutations that affect a single base. However, these mutations
cannot be distinguished from organisms bred by conventional techniques, such as
those that arise from random mutagenesis (Wasmer 2019). The use of genetically
modified organisms is strictly regulated around the world. Next, we will present the
legislative situation of genetically modified organisms in Europe, United States of
America (USA) and China.

European Union

In the European Union (EU) the regulations covering genetically modified animals
for human and animal consumption are somewhat restrictive such that nowadays
only genetically modified plants are authorised for that purpose (European
Commission Register for Genetically Modified Organisms, https://webgate.
ec.europa.eu/dyna/gm_register) . So that a genetically modified organism can be
commercialized or released to the environment it needs the approval of the European
Food Safety Agency (EFSA). The EFSA assesses the risks that the genetically mod-
ified organism may present to the environment, and human health and animal safety,
in the EU, and decides if this organism can be approved or not according European
regulations on genetically modified food and feed (No 1829/2003 and No 503/2013).

If the genetically modified organism or its bioproducts have medical purposes, it
needs to be authorised by the European Medicines Agency (EMA). When the
medicinal product contains genetically modified organisms an environmental
impact study must be performed and sent to the EMA in addition to the typical
reports (administrative, quality, non-clinical and clinical data). However, regarding
genetically modified animals, they usually produce a bioproduct that will be part of
a medicine. This way, the medical product does not contain a genetically modified
organism and does not need an environmental impact study (EMA 2006).

In the case of genetically modified animals that produce bioproducts the EMA
provides a guideline on the approaches that should be employed in order to achieve
satisfactory quality for biological active substances (EMA 2013). The medicinal
product containing components derived from transgenic animals must follow the
Regulation (EC) No 726/2004. The effect of the transgene on the health and longev-
ity of the animals must be supervised. Furthermore, a monitoring protocol should be
followed in order to assess the health and wellbeing of the animals and check spe-
cific infections. It is important to confirm that the bioproduct is free from microor-
ganisms such bacteria, fungi, mycoplasma or virus (EMA 2013). To date, three
bioproducts produced by genetically modified animals have been approved in the
EU: Antithrombin (ATryn®) from goat milk approved in 2006 but withdrawn in
2018 (Adiguzel et al. 2009; EMA 2019). Human C1- inhibitor (Ruconest) from rab-
bit milk approved in 2010 (EMA 2020). Sebelipase o (Kanuma) from egg hen
approved in 2015 (EMA 2015).


https://webgate.ec.europa.eu/dyna/gm_register
https://webgate.ec.europa.eu/dyna/gm_register
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Tissues and organs from genetically modified animals for the objective of xeno-
transplantation must follow two guidelines: (a) the guideline on xenogeneic cell-
based medicinal products and (b) the guideline on the quality, preclinical and
clinical aspects of gene transfer medicinal products (EMA 2001, 2009). The therapy
must follow the common testing and development procedures, but genetically modi-
fied animals should be fully characterised and confirmation of the nature of the
inserted, deleted or modified gene must be provided (EMA 2009)

USA

In the USA the regulations covering genetically modified organisms are less strict.
To approve the production of an animal with medical and consumption purposes, a
new “animal drug application” must be proposed to the Food and Drug Administration
describing the characteristics of the animals and its environmental impact and food
safety. Furthermore, a compositional and nutritional analysis must be performed if
the aim of the product is animal or human consumption in other to compare the
composition of the genetically modified animal and the wild-type animal and study
any possible toxicological or nutritional hazard to consumers (FDA 2017).

There are two genetically modified animals that have been approved for human
consumption in the USA by the Food and Drug Administration the AquAdvantage
Salmon (Clifford 2014), which was approved in 2015 and the GalSafe pig, approved
in 2020. The last one was also approved for human therapeutics (FDA 2020).

The GalSafe pigs have a disruption of the GGTA1 gene, so they do not produce
a-1,3- galactosyltransferase and there are no a-Gal antigens in the surface of their
cells. This is an advantage for xenotransplantation, as mentioned above, but this
model also has other commercial potential because people that suffer from a-gal
syndrome, an allergy to red meat, are able to consume meat from these animals
(FDA 2020).

Regarding drugs and biological products derived from genetically modified ani-
mals, they should follow the same approval procedure as the ones derived from
other sources, providing data of pre-clinical and clinical studies, manufacture and
safety (Federal Regulations CFR § 601.2. Applications for biologics licenses; pro-
cedures for filing. And CFR §314.5. Applications for FDA approval to market a new
drug). There are three products produced by genetically modified animals approved
for commercialization and these are the same as those approved in the EU.

China
China has a strict law concerning genetically modified animals. To date, no geneti-
cally modified animal has been approved in China for consumption or for medical
purposes. The Ministry of Agriculture and Rural Affairs of the State Council of
China is the organization that provides the license to a genetically modified organ-
ism to be produced and commercialised. To achieve the approval, documents
describing the genetically modified animal and its safety must be provided in addi-
tion to the usual information (2019).

The economic impact of the application of these new technologies in the pig
industry has been evaluated and quantified (Novoselova et al. 2013; Van Eenennaam
et al. 2020). According to some authors the delay in the regulation of these animals
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will have an economic impact and also a reduction in global food security (Van
Eenennaam et al. 2020; Feng and Yang 2019).

3.7 Conclusions

The generation of gene edited pigs with new endonucleases has important applica-
tions in the field of agriculture and livestock production and in the biomedicine
sector. The develop of more efficient protocols will facilitate the extension and
applications to different approaches. These improvements will have worldwide
impact in the economy and in the health of the population in terms of food security
and control and treatment of human diseases.
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