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Abstract

Genome editing in large animals has tremendous practical applications, from more accurate
models for medical research through improved animal welfare and production efficiency.
Although genetic modification in large animals has a 30 year history, until recently technical
issues limited its utility. The original methods — pronuclear injection and integrating viruses —
were plagued with problems associated with low efficiency, silencing, poor regulation of gene
expression, and variability associated with random integration. With the advent of site specific
nucleases such as TALEN and CRISPR/Cas9, precision editing became possible. When used on
their own, these can be used to truncate or knockout genes through non-homologous end joining
(NHEJ) with relatively high efficiency. When used with a template containing desired gene edits,
these can be used to allow insertion of any desired changes to the genome through homologous
recombination (HR) with substantially lower efficiency. Consideration must be given to the issues
of marker sets and off-target effects. Somatic cell nuclear transfer is most commonly used to create
animals from gene edited cells, but direct zygote injection and use of spermatogonial stem cells
are alternatives under development. In developing gene editing projects, priority must be given to
understanding the potential for off-target or unexpected effects of planned edits, which have been
common in the past. Because of the increasing technical sophistication with which it can be
accomplished, genome editing is poised to revolutionize large animal genetics, but attention must
be paid to the underlying biology in order to maximize benefit.

1. Introduction

Genetic modification in rodents has been routine now for 35 years [1], and first attempts to
transfer the technology to large animals began shortly thereafter. Unfortunately, technical
and efficiency limitations precluded the practical use of genetic modification in large
animals, with few exceptions.
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However, genome editing in large animals would be of tremendous utility to medical
research, to medicine, and to agriculture. In medical research, the drawbacks of using
rodents to model humans are well established [1]. Because of their small size, their short life
cycle, their very different diet and dietary priorities, and details of their physiology, mice
make poor models for reproductive physiology, pulmonary problems, metabolic regulation,
and many other fields of inquiry. They are an improvement on cell culture, but for many
important health problems improved preclinical models would be of benefit to research. A
clear early example of this is the cystic fibrosis transmembrane conductance regulator
(CFTR) knockout pig, which is far more clinically similar to humans than a CFTR knockout
in mice [2]. Gene editing in large animals also has the potential to aid human medicine
directly, from creation of humanized protein drugs [3] to creation of humanized transplant
organs (xenografts) [4, 5].

In addition, there is potential for gene editing in livestock to improve both animal welfare
and production efficiency in agricultural applications. From feed conversion and other
performance traits, to disease resistance, to improved nutrition, to improving fit to
environment, precision gene editing is likely to be an essential tool in improvement of our
large animal stock.

2. Historical Methods for Large Animal Engineering

Pronuclear injection, developed in 1980, was the first method of genetically modifying
animals, and in the intervening decades has been the most common [6]. In pronuclear
injection, DNA containing a desired gene expression construct is injected into a single-cell
fertilized egg. Despite somewhat low efficiency it integrates randomly into the DNA of the
fertilized egg, which is implanted in a recipient mother, and offspring are checked for
presence and expression of the new gene. Because the DNA contained in these constructs
was essentially never purely that of the host species, animals produced by this method are
termed transgenic.

Pronuclear injection has numerous practical drawbacks. Because integration is random, and
because the constructs are usually integrated in multiple copies as concatemers, expression
levels were difficult to control. Moreover, because the maximum size of the constructs is
somewhat limited, promoter elements, which had to be included, were necessarily
abbreviated, and genes were almost always introduced in their fully spliced forms.
Regulation of the genes was thus usually rudimentary. Transgenes also had a tendency to be
silenced over multiple generations. For research purposes in rodents, the ease of creating
transgenics outweighed these concerns.

In large animals, however, the problem was aggravated by efficiency and mechanics of
reproduction. In mice, the efficiency of transgene introduction was about 5%-10%. With a
gestation period of 3 weeks, and a litter size of 6-10 animals depending on strain, five
recipient moms were likely to give you a few founders in just a few weeks. In cattle,
however, for unclear reasons, efficiency of transgene introduction was closer to 3%, but with
only 18% of blastocysts yielding live calves this dropped the effective rate to a fraction of a
percent. With one calf per mother, this meant hundreds of recipients were needed to ensure
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successful creation of a founder [7, 8]. In some species, for hormonal or other reasons, the
method is essentially impossible [9]. The introduction of relatively routine somatic cell
nuclear transfer about fifteen years ago reduced the efficiency problem, because cells could
be checked for correct integration before creation of animals, but it did not solve all of the
other problems with using transgenes [10]. Notwithstanding all of these problems,
transgenic sheep, pigs, goats, cattle, and others were created, but most had low practical
utility [1].

One approach successfully used by several groups to avoid the problem with low transgene
integration efficiency was use of integrating viruses. Integrating viruses retain all of the
problems of random integration associated with pronuclear injection, and because of their
smaller cargo size, the problems with promoter strength and specificity are usually worse. In
addition, because of the viral elements included, progressive silencing over time worsened
with viral integration methods [11].

Genome Editing Methods

The fundamentally novel technology that has made the impending revolution in gene editing
possible is the ability to precisely target specific areas of the genome. This eliminates
essentially all of the issues associated with transgenic animals, because native promoter
elements and splicing can be used for correct gene regulation, and the variability and gene
silencing associated with random integration is eliminated. Instead of a largely random
effect, gene editing can now be well controlled.

Gene editing in large animals is primarily different than gene editing in laboratory animals
in that the higher expense and longer gestation time in large animals necessitates a lower
tolerance for error. In mice, one can tolerate high randomness of results, because litters are
large and gestation times are three weeks. In horses or cattle, each embryo must be assured
to carry correct edits before gestation is initiated.

There are two relatively new technologies that allow targeting of specific nucleotides:
TALEN and CRISPR, each with multiple related technologies. TALEN, and the related
technologies of zinc finger nucleases and MegaTAL, use modular protein-based sequence
recognition, whereas CRISPR uses RNA-guided sequence recognition. Although variations
on these technologies are likely to develop over time, the core technologies are unlikely to
change.

Transcription-Activator-Like (TAL) effectors are a class of enzyme first discovered in the
plant pathogen Xanothomonas about ten years ago [12], with the code for DNA binding
specificity worked out in 2009 [13], and engineered to add a nuclease function for genome
editing in 2010 [14]. The combination, TAL effector-like nucleases (TALEN), consist of a
modular array of TAL recognition sequences fused to a Fokl nuclease [15]. These are
inserted in pairs, one for each strand, and work as a dimer to create double-stranded breaks
in specific DNA sequences.

There are variants on this; for instance, MegaTAL uses a combination of TAL arrays with a
nuclease that has site-specific cleavage, meganuclease, increasing overall specificity of the
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combination [16]. MegaTAL as a technology is still in development, currently with high cost
and complexity; they may be a turnkey solution in a few years, but for now are probably best
left to those focusing on method development. Zinc finger nucleases (ZFN) are an older
solution, with 20 years of history, and share the use of the Fokl nuclease and the need for
dimers, but use a different protein-DNA recognition mechanism [17]. In our experience,
ZFN are more cumbersome to use, with no compensatory advantages, as compared to
TALEN. Both TALEN and ZFN can be created in individual labs, but multiple commercial
sources exist for each.

The other major method of making targeted cuts in the genome, CRISPR/Cas9, is also
derived from bacteria and archaea in which they are part of a viral defense system [18]. It
consists of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) which
binds a guide RNA and an associated endonuclease (Cas9). Binding specificity is thus
dependent on RNA-DNA interaction strength. The main advantage of the CRISPR/Cas9
over TALEN-based technologies is its speed of production and extremely low cost; its
disadvantages, as will be discussed later, are a likely inherently lower specificity, and the
legal challenges (for commercial purposes) that are not likely to be resolved for several years
[19]. CRISPR/Cas9 are available from both academic and commercial sources.

3.1 Homologous recombination (HR) and non-homologous end joining (NHEJ)

Although all TALEN and CRISPR do, fundamentally, is site-specific cleavage, this allows
gene editing through two mechanisms: homologous recombination (HR) and non-
homologous end joining (NHEJ) (Figure 1). When TALEN or CRISPR make the site-
specific double-stranded break, DNA repair mechanisms are employed to repair the break. If
a piece of DNA matching the sites flanking the cleavage site is available, the cell can use HR
to repair the damage. If no such DNA is available, the cell will use NHEJ.

In NHEJ, although the DNA is rejoined, there is often a deletion or insertion of a small
number of nucleotides. If the cleavage site was in the middle of a coding sequence or
essential regulatory element, this will serve to destroy gene expression or function. Without
addition of a homologous recombination template, then, TALEN and CRISPR are only
capable of truncation or knockout, not precision edits. However, the efficiency is relatively
high — successfully transfected cells will have DNA insertions or deletions at the target site
in from 10% to 60% of cells [20].

Homologous recombination is much more powerful. In HR, the cell is provided with a DNA
template to repair the damage caused by TALEN or CRISPR, which precisely matches the
surrounding area, aside from the specific gene edits desired. Historically, this technique has
been used for creation of precision gene-edited mice for decades. However, without use of
TALEN or CRISPR to drive local DNA repair mechanisms, the efficiency was
extraordinarily low (less than 1 in 1,000,000 cells) and even then required DNA arms that
precisely matched the surrounding sequence with total lengths approaching 10,000 base
pairs (bp). This was possible only in specific strains of clonal mice for which libraries of
DNA were available. With TALEN and CRISPR, although the theory is the same, the
efficiency is dramatically higher (between 1 in 100 and 1 in 1000 cells), and the size of the
homology arms can be much smaller (fewer than 1000 bp on each side) [21]. There is
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evidence that part of the relatively low efficiency of HR is because of its competition with
NHEJ, and that inhibition of NHEJ will increase the efficiency substantially [22].

3.2 Marker Sets

Because the efficiency of homologous recombination is so low, it is generally necessary to
use a marker set to help find the cells in which it was successful. Antibiotic resistance and
fluorescent markers, or both, are used to identify cells with successful integration of the HR
construct. The difficulty comes in removing the marker set again.

Removing the markers us generally done with use of site-specific recombinase systems. The
most widely used of these is the Cre-loxP system derived from bacteriophage P1, although
there are many other less commonly used recombinases. Cre (causes recombination) is a
protein that recognizes and mediates site-specific recombination between 34 bp sequences
referred to as loxP (locus of crossover (x) in P1 bacteriophage). When Cre protein is
introduced into a cell that contains DNA with two loxP sites, everything between the loxP
sites is excised, leaving behind one loxP site. However, this remaining site can interfere with
gene regulation [23], or cause unexpected translocations and genome reorganizations [24].
This latter problem would increase as additional changes are made to the same genome.
Moreover, for regulatory reasons, leaving behind synthetic or bacterial sequences may be
problematic. The Cre/loxP system has been in use for many decades, and although many of
the reagents are commercially available, they are simple enough to use that commercial
vendors beyond expression plasmids are generally not needed.

One solution to this problem of leftover recognition sites is use of transposases, such as
Sleeping Beauty and Piggybac. Like recombinases, transposase system consist of a
recognition sequence and an enzyme. The base enzyme both excises the sequence, and
inserts it semi-randomly in other locations. However, excision-only versions of the enzymes
exist. These have the advantage of taking their integration sites with them when they are
excised, resulting in the possibility of footprint-free gene editing [25]. The efficiency of
excision can be low, but the combination of TALEN with Piggybac has been used for
successful footprint-free gene editing in, for instance, correction of cystic fibrosis mutations
in human iPS cells [26]. Piggybac reagents are available commercially.

3.3 Off-target effects

To be useful, gene editing tools need to not only be effective, they need to be specific.
Causing significant off-target cleavage and NHEJ events would preclude the utility of a
technique for either therapies or creation of a line of animals expected to last more than a
generation.

Because CRISPR/Cas9 uses RNA-DNA interactions for its specificity, it inherently has a
huge problem with off-target effects [27]. A PCR reaction uses the same mechanism to
achieve specificity as CRISPR; if done at 37°C it produces a smear rather than a specific
band. Numerous methodologies to reduce these off-target effects have been proposed, and
reduce these effects in carefully controlled circumstances [28]. Commercial organizations
and protocols exist which will screen CRISPR-edited genomes for off-target effects.
Nonetheless, in actual practice, there are substantial fidelity and specificity issues, as
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demonstrated by the detailed analysis done in a recent study in which CRISPR was used to
edit human pre-implantation embryos [29].

Although TALEN theoretically could have off-target cleavage, this is much less of an issue
for current generation TALEN. Several recent studies using TALEN for gene editing have
failed to find any evidence of off-target mutations [30, 31].

3.4 Examples of Use

Because of its relative ease of use, several recent large animals have made use of CRISPR
and TALEN, primarily through induction of NHEJ, for creation of animals with specific
knock-outs. Fahrenkrug’s group has generated polled cattle and pig models of infertility and
colon cancer through these methods [32]. Prather’s group has created pigs with substantial
immunity to PRRSv virus by knocking out the PRRSv receptor with random NHEJ [33].
Others have, for instance, knocked out myostatin in pigs [34]. The Roslin institute, the
original developers of cloning and one of the great pioneers in this field, have in one of the
first examples of use of homologous recombination in large animals, changed a pig allele to
a warthog allele to induce resistance to African Swine Fever virus [35]. Thus, for
performance, for disease resistance, and for medical research models, large animal genetic
engineering is already well on its way.

4. Methods for Creating Large Animals from Edited Genomes

A gene-edited cell is not, of course, an animal. Both somatic cell nuclear transfer (SCNT)
from gene-edited somatic cells (for instance, fibroblasts) and direct editing of zygotes have
shown success. Based on past successes with older methods of transgenesis, however,
editing of spermatogonial stem cells may be a third viable alternative.

4.1 Somatic Cell Nuclear Transfer

In somatic cell nuclear transfer, oocytes generally collected from slaughterhouse-derived
ovaries are matured in vitro, enucleated, and fused with the nucleus from the gene-edited
cell. Even extended time in culture during the gene editing process does not appear to impair
the efficiency of somatic cell nuclear transfer [36]. Although in its infancy 20 years ago,
cloning was plagued by extremely low efficiency and health difficulties in first generation
clones, as techniques improve, these difficulties have been diminished [37].

4.2 Direct Editing of Zygotes

Injecting TALEN (or presumably other gene editing tools) directly into zygotes has been
shown to produce gene-edited progeny [38]. Direct editing of zygotes has the advantages of
speed compared to gene editing in culture followed by somatic cell nuclear transfer, and of
avoiding potential cloning defects. Unfortunately, the stochastic nature of NHEJ means that
the results are quite random, and the process is probably only suitable for animals with large
litters from which those usefully edited can be selected.
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4.3 Spermatogonial Stem Cells

In 2013, Dobrinski’s group used viral vectors to put GFP into spermatogonial stem cells and
transplanted them into boars [39]. Transgene expression persisted in sperm for up to five
years, and resulted in the successful creation of transgenic embryos through IVF. Although
there are still technical barriers to use of modern gene editing methods instead of viral
methods (primarily, ability to expand spermatogonial stem cells in culture), spermatogonial
stem cell transfer is a potential alternative method for using modern gene editing techniques
to create large animals.

5. A Cautionary Note about Targets

A key point to remember when embarking on a gene editing project is that there is no way to
predict what a genetic modification will do without actually seeing the results in a live
animal. Results will often translate well from one mammal to another — but as the problem
with disease modeling in mice makes clear, even that is not a sure thing.

As a cautionary example, in 1985, only a few years after the first genetic modification
techniques were developed, pigs were produced which overexpressed human growth
hormone [40]. However, the pigs did not consistently have enhanced growth rate, and health
problems included lethargy, lameness, gastric ulcers, and infertility, among others [41].
These problems of unexpected results continue into the modern era. For instance, in the
2012 production of cattle lacking the milk allergen p-lactoglobulin (BLG) by transgenic
expression of an inhibitory microRNA, loss of BLG resulted in dramatic changes in most
other milk proteins, as well as lack of a tail [42].

This is not to say that even dramatic changes cannot be successful: the most famous
example, of course, being Atlantic Salmon transgenic for the growth hormone gene from
Chinook Salmon, which are apparently healthy and grow to many times the size of
unmodified Atlantic Salmon [43]. Genes taken from related species or breeds are likely to
completely retain their function on transfer.

6. Conclusions

We are entering a new era, one in which gene editing will become progressively more
straightforward, and more essential to animal welfare and livestock productivity. In the next
decades, it may be that every animal brought to state fairs by 4-H youth contains his or her
own personal edits, unlocking the creative potential of the next generation in the way that
microelectronics or the internet fascinated previous generations of young adults

TALEN and CRISPR/Cas9 enable targeted edits in a way never before possible, and
succeeding improved generations of these site-specific nucleases will only increase
efficiency and specificity. Right now these are made into live animals through somatic cell
nuclear transfer or zygote injection, but one can imagine a not-too distant future in which
cells are directly transformed into spermatozoa in a dish [44], making large animal genome
editing accessible to a wider population.
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Since biology is complex, the effects of any specific gene edit are difficult to predict, unless
they have previously been observed in another related animal. The coming years will see an
explosion of animals whose genetics have been improved by direct editing. The difficulty is
not in making the edits — it is in knowing which edits to make.
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. Historical genetic modification used random insertion, resulting in low
utility.
. The new technologies TALEN and CRISPR solve this problem.
. Many technical alternatives exist for creating precision gene edits.
. Somatic cell nuclear transfer or direct zygote editing are used to
introduce edits into animals.
. Choice of gene editing targets is of highest importance in producing

useful results.
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Figure 1.
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There are three main decisions to make in a gene editing project. (1) TALEN or CRISPR?
CRISPR are lower cost and faster to make, but TALEN appear to have lower error rate and
for commercial projects may have fewer legal issues. (2) Homologous Recombination
(HR) or Non-Homologous End Joining (NHEJ) ? Including a recombination construct
lends tremendous flexibility, but lowers efficiency from over 10-50% to less than 1%. (3)
Somatic Cell Nuclear Transfer or Injection into Zygote? Editing somatic cells has a
much longer track record, but direct injection into the zygote is faster and likely suitable for
NHEJ-based projects because of their higher efficiency.
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