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Transgenesis and gene edition in small ruminants
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Abstract

This review summarizes the main achievements with the use of transgenesis and genome editing
technologies in sheep and goats. Transgenesis, also referred to as recombinant DNA (rDNA) technology, made
possible by the first time 30 years ago the addition of novel traits from a given species into a different one. On
the other hand, more recently genome editing appears a much more precise method of making changes to the
genome of a plant, animal, or other living organism, allowing for the addition, substitution, or deletion of
specific nucleotides in an organism’s genome. With transgenesis, the introduction of new DNA into an
organism’s genome was generally without control of the site of the genome in which the insertion of that rDNA
construct would occur. With genome editing in contrast, researchers and developers of products can make
specific changes in precise locations of the genome. This concept was absolutely improved with the novel
CRISPR/Cas system, making genome edition cheaper, more efficient, easier and affordable for every Laboratory
around the world. This revolution that originally emerged from molecular biology and passed to biomedicine,
has recently been applied to livestock and agriculture. In addition, the application of this technology in sheep,
goats, pigs and cattle, also has been possible by the advance of assisted reproductive technologies for embryo
production, micromanipulation, cryopreservation and transfer. In general, multidisciplinary approaches including
basic research and technical improvements, participation of private actors and adequate regulation should be
merged to take advantage of this potent biotechnology in different countries.
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Introduction

Since ever the human being has tried to modify and adapt the traits of other species for his own benefit
and progress. For that, traditional breeding and selection applied in livestock and agriculture has been the
standard practice. One important breakthrough achieved during the 80’s was the ability to change the genetic
code of microorganisms, plants and animals in order to overexpress or silence a gene of interest, aiming at
increasing the overall production or pest resistance, among other examples (reviewed by Uzogara, 2000).

In sheep and goats, genetic engineering has been used to improve productive traits mainly focused on
milk, meat or wool production, as well as the generation of disease resistant animals for breeding and
propagation. In addition, both species have been proposed as models to study human diseases or the generation
of recombinant proteins in milk (reviewed by Menchaca et al., 2016).

Several techniques have been described and applied to modify the genome of these species (Menchaca et
al, 2016), being more or less difficult to implement in productive herds. The available techniques include
pronuclear DNA microinjection, somatic cell nuclear transfer (SCNT), lentivirus microinjection, RNA interference,
sperm mediated gene transfer (SMGT), and more recently gene edition by the use of endonucleases, increasing the
possibility to generate mutant animals as never seen before. Nucleases, and particularly the CRISPR/Cas system,
make genome editing in animals cheaper, easer, more effective and less time-consuming than before.

During the last 30 years, sheep and goats have strongly contributed to the development of genetic
modification technologies. The first report of a genetically modified farm animal was in sheep (Hammer et al.,
1985). Also, after Dolly’s birth, sheep were the first transgenic animal reported produced by nuclear transfer
(Schnieke et al., 1997). Transgenic goats have been used as efficient bioreactors for the production of
recombinant proteins in milk, mainly due to its short gestation period, ease of milking and outstanding protein
synthesis capacity. The first drug derived from GE animals (ATryn®) approved for human use by the European
Medical Agency in 2006 and the US Food and Drug Administration in 2009, was produced by goats (Adiguzel et
al., 2009). Recently, with the arrival of the nucleases, it is believed that the regulatory pathway of drugs and
products from gene edited animals will be much shorter and easier than before.

In this review we summarize the most relevant technologies used nowadays for the generation of genetically
modified sheep and goats, with special emphasis in gene editing nucleases.

DNA pronuclear microinjection

The introduction and stable integration of a DNA fragment into the mammalian zygote was first achieved in
mice (Gordon et al., 1980; Gordon and Ruddle, 1981). After these reports, several small ruminants’ models
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have been developed using this technology. Among the published models, there are goats producing spider silk
(Baldassarre et al., 2003), human butyryl-cholinesterase (Baldassarre et al., 2008), lysozyme (Maga et al., 2003),
human tissue plasminogen activator (Ebert et al., 1991), human granulocyte colony stimulating factor (Ko et al.,
2000; Freitas et al., 2007), human clotting factor IX (Huang et al., 2001), human lactoferrin (Zhang et al., 2008)
and human antithrombin (Edmunds et al., 1998). Despite all these efforts, up to date only one product,
recombinant antithrombin III (ATryn®) is available for human use since 2006. In that sense, some reports of risk
assessment trying to validate the safety of this technology have been published (Steinkraus et al., 2012; Clark et
al., 2014), indicating there is no risk of pleiotropic effects of fetal transgenic cells crossing the placental barrier.

On the other hand, few genetically modified sheep models developed using pronuclear microinjection
have been reported. The preferred target for sheep is to enhance meat or wool production (Murray et al., 1989;
Rexroad et al., 1989; Bawden et al., 1995; Damak et al., 1996; Adams et al., 2002), or generate disease resistant
models (Clements et al., 1994). In addition, some models of human diseases have been also developed in sheep
(Jacobsen et al., 2010).

The standard procedure in DNA pronuclear microinjection consist in the introduction of a purified DNA
fragment into a zygote, usually up to 50 kb although cargo capacity has been increased with the use of bacterial
artificial chromosomes (BAC) and yeast artificial chromosomes (YAC). Some picoliters of DNA are introduced
into the pronucleus with the aid of micromanipulators, and the surviving embryos (~50%) are left in culture until
transfer to synchronized recipients or frozen.

Although this technology was the method of choice to generate gain of function transgenic models, it is
extremely inefficient at the end of the process, with less than 10% of the newborn carrying the desired mutation
with unpredictable expression (Niemann and Kues, 2007). Moreover, the random integration and frequent
incidence of mosaicism makes this approach not suitable for many research or industrial projects.
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Somatic cell nuclear transfer

Several genetically modified sheep and goats have been obtained using this method widely applied after
the birth of Dolly (Wilmut et al., 1997). Although the overall efficiency is relatively low (less than 10% of
transferred embryos will born) and some developmental abnormalities has been reported, SCNT has proven to be
extremely useful and is still applied until now. The main application of this technology is in biomedicine, mainly
in pigs for xenotransplantation or the production of human recombinant proteins in milk of goats (Tan et al,,
2016). Few models aiming to enhance livestock production or resist diseases have been reported.

Briefly, for transgenesis mediated by SCNT the desired DNA is firstly introduced into the host cell (fetal
or adult) in culture by electroporation or lipid transfection, and the mutated cells are then selected using antibiotics
and can be fully characterized before being introduced into enucleated oocytes to generate “reconstructed” NT
embryos. One of the advantages of this method is that all the offspring born will be genetically modified, and that
the site of integration, number of copies and integrity of the transgene had been characterized before.

Although the resultant living animals will 100% modified and fully characterized, the technique has
several drawbacks that must be taken into account before considering its implementation in the laboratory.
Among others problems, the correct selection of donor cells, cell cycle synchronization and the activation of
cell-oocyte couplets must be carefully considered for an efficient epigenetic reprogramming, avoiding fetal
abnormalities and placental problems (Niemann, 2016).

Lentiviral vectors

The first reports of the use of lentiviral vectors (LV) demonstrates that these vectors could be easily
used as excellent carriers to integrate DNA into the host genome (Lois et al., 2002; Pfeifer, 2004). The
advantages of using this technique are the easy injection into the perivitelline space without the need to visualize
the pronuclei, the low rate of injury in embryos, and the high efficiency to rapidly produce genetically modified
large animals. In addition, low gene silencing (Pfeifer et al., 2002), and stable integration could be achieved,
making this approach appealing for many laboratories working in small ruminants species. On the other hand,
some limitations should be considered before introducing this technology in the bench. This disadvantages
include a limited cargo size (up to 8 kb) of the vectors, a single copy randomly integrated in multiple sites of the
genome, and the not so easy production of high titer virus (Remy et al., 2010).

In sheep, this approach has proven to be very efficient in our laboratory, obtaining more than 95% of
GFP embryos after LV microinjection and 100% (9/9) of GFP lambs born with almost 90% showing full
expression (Crispo et al., 2015b).

Briefly, high concentration (10° particles/ml) LV construction is microinjected into the perivitelline
space of one or two-cell embryos and immediately cultured in vitro until blastocyst for embryo transfer or
cryopreservation. The ability of LV to reach the genome makes possible to inject the construction in both stages
with high efficiency and low risk of mosaicism. In average, 200-300 embryos can be microinjected in one
session, with almost 100% survivability rate, being thus an efficient approach. The effect of micromanipulation
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on embryo development, if it exists, is minimum. When we compared embryo development of irn vitro produced
zygotes submitted or not to perivitelline microinjection with lentiviral vectors, no difference in blastocyst rate
was found (Crispo et al., 2015b). In addition, the same study showed that pregnancy rate was similar among
microinjected vs. non microinjected control zygotes. Thus, regarding our experience, the micromanipulation
required for perivitelline injection seems to be minimally invasive for the embryo.

Endonucleases

Nowadays, several laboratories around the world are changing the strategy for the obtainment of
genetically modified animal models in most of the species. This is in part due to the revolution of restriction
endonucleases (DNA cutting enzymes) as gene target tools. These enzymes or genome editors recognizes specific
DNA sequences with the ability to cut and generate double strand breaks (DSBs) at specific loci within the genome
(Urnov et al., 2010; Tan et al., 2012; Doudna and Charpentier, 2014). The generated DBS trigger the hosts DNA
repair mechanisms by two competing pathways (Kanaar et al., 1998), non-homologous end joining (NHEJ) and
homology directed repair (HDR). This novel tool allow the generation of knock-out (KO) and knock-in (KI) large
animal models, something difficult to achieve by homologous recombination in somatic cells in these species.

There are three different site-specific endonucleases used nowadays, of which CRISPR/Cas in the most
revolutionary one due to its simplicity. Zinc Finger Nucleases (ZFN) were the first available tool, but the
necessary reagents are difficult and expensive to be produced, and its construction challenge is restricting its use
by the scientific community. ZFN has been applied in mice and rats, but there are no reports of genetically edited
sheep and goats born yet.

On the other hand, TALENSs, another restriction endonuclease similar to ZFNs, have been successfully
used to produce myostatin genome edited sheep (Proudfoot et al., 2014). To obtain the modified animals,
TALEN mRNA was microinjected into IVF zygotes obtaining 24% of blastocyst development rate. Pregnancy
rate was 88.9% (8/9) and mutation rate 11.1% (1/9). The born lamb showed a heterozygous edition at the
myostatin locus. Knock-in goats as also been successfully produced using TALEN together with SCNT. In this
case, a B-Lactoglobulin-free milk goat has been obtained for temptative use as mammary gland bioreactors for
the large-scale production of human lactoferrin in milk (Cui et al., 2015).

The third and more powerful genome editor reported four years ago is known as Clustered Regularly
Interspaced Short Palindromic Repeat (CRISPR) and CRISPR associated gene 9 (Cas9). The difference with the
previous two is the use of RNA instead of proteins to confer target specificity (Cong et al., 2013; Jinek et al.,
2013; Mali et al., 2013). It has many advantages over the previous tools: any molecular biology lab can design
the construct, reagents are cheap and easy to make, multiplex editing is feasible and reported efficiencies are
really high. In addition, cytoplasm mRNA microinjection makes this approach feasible in species were the
pronucleus is difficult to visualize, as sheep.

The CRISPR/Cas system has been rapidly tested in several species, including sheep and goats. In sheep,
CRISPR/Cas9 mRNA to target myostatin locus was microinjected into IVF derived zyogtes (Crispo et al.,
2015a). In this study, we compared cleavage and development rates of microinjected zygotes using
CRISPR/Cas9 vs. buffer control solution, showing similar results and demonstrating the innocuity of the
procedure. The mutation rate was detected in 50% of embryos, and from 10 KO lambs born from 22 total lambs,
eight of them were biallelic. Homozygous animals showed a strong double muscle phenotype as expected, and
were heavier than their control wildtype counterparts.

In goats, four genes were disrupted simultaneously in caprine cells, which were then used for SCNT
resulting in live-born goats showing biallelic mutations (Ni et al., 2014). This shows the power and easy of this
approach to generate multiplex gene targeting in large animals.

Final remarks

Genetically engineered animals have been produced around the world since 30 years ago. Nevertheless,
we are witnessing a true revolution regarding the way these models can be generated since the apparition of the
site-specific endonucleases, mainly the CRISPR/Cas9 system in large animal species. This novel technology
allows to obtain more refined animal models, including knock-outs and knock-ins, more rapidly and efficiently
as never achieved before. For research groups working in livestock species, this system presents many more
opportunities than the previous technologies, allowing the production of animal models in biomedicine,
agriculture or basic research. The easy and non-expensive production of molecular tools, easy and fast
cytoplasmic microinjection and the development of associated reproductive technologies such as in vitro embryo
production, cryopreservation and embryo transfer, makes CRISPR/Cas system available to everyone.

On the other hand, few challenges must be overcome while the technology is still on development. A
more efficient system to promote HDR instead of NHEJ should be still described, with the aim to produce KI
models of interest. In that sense the use of NHEJ inhibitor compounds and RNAIi strategies to suppress
components of the NHEJ molecular machinery have been tested.
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Also, off-target sites have chances to appear in similar site of the genome, and that should be further
explored, although recent mouse studies indicate this is not of much concern (Iyer et al., 2015). To overcome
this, among other strategies, the use of nickase variant enzymes has been reported (Frock et al., 2015) that could
also promote HDR.

Another issue to consider is the mosaicism in founder animals. Using gene edited cells in combination
with SCNT could be an alternative that may overcome this problem.

In summary, the easy and non-expensive production of molecular tools, easy and fast cytoplasmic
microinjection, and the improvement of associated reproductive technologies, makes CRISPR/Cas system available
to everyone. There will be a huge application of this promising tool in large animal species in the following years.
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