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Abstract

Genome engineering has shown tremendous promise in many aspects of disease prevention and therapy, vaccine devel-
opment, animal welfare, and food security. However, the practice of genome editing has long been limited to countries
and institutions with a better facility and expertise. More recently, the advent of a nuclease-based genome editing tech-
nique called CRISPR / Cas9 shades a great light in the genome engineering field. It is based on the principle that the
cas9 endonuclease can be guided by a guide RNA to precisely cut the target in the genome. It recently became the most
favorite technique among scientists because of its relative specificity, ease of handling and cheaper cost. It holds a great
promise to scale up animal and crop production in the near future. Although some ethical concerns are being raised, it
is important for countries like Ethiopia; to develop, validate and benefit from the technology.
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Introduction

Knowledge of the principles of heredity is basic to our funda-
mental understanding of biological processes. The concept of
modern biotechnology including genetic engineering has been
conceived and advanced after Gregor Mendel demonstrated that
traits can be inherited from generation to generation!!l.

Genetic engineering is often thought to be rather emo-
tive or even trivial, yet it is probably the label that most people
would recognize. However, there are several other terms that can
be used to describe the technology, including gene manipulation,
gene cloning, recombinant DNA technology, genetic modifica-
tion. The premise on which the technology is based is that ge-
netic information, encoded by DNA and arranged in the form of
genes, is a resource that can be manipulated in various ways to
achieve certain goals in both pure and applied science and med-
icineB.

In genetic engineering and its classification, DNA,
mRNA, transcription, translation, mutation, and mutagenesis
some basic terms that should be understood. Hence, DNA mol-
ecule is a double-strand helix that is wrapped around proteins to
form chromosomes in the nucleus of each cell**. The central
dogma of molecular biology describes DNA makes mRNA and
mRNA in-turn makes proteins. The genetic code describes the
relationship between the sequence of base pairs in a gene and the
corresponding amino acid sequence that it encodes!®”.
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The development and function of an organism is controlled by
the codes in the DNA. A random change in the DNA sequence is
called a mutation. Mutations can lead to changes in the structure,
function or amount of an encoded protein. Because a change in
the DNA sequence affects all copies of the encoded protein, mu-
tations can be particularly damaging to a cell or organism or it
can be used to modify the inherent characteristics of an organ-
ism by editing its gene composition. Changes in DNA sequence
can occur randomly or can be induced deliberately in the labo-
ratory. Mutagenesis in the laboratory is an important technique
whereby DNA mutations are deliberately engineered to produce
mutant genes, proteins, strains of bacteria, or other genetically
modified organisms®%9,

Zinc-Finger Nucleases (ZFNs) and Transcription Acti-
vator-Like Effector Nucleases (TALENS) are technologies have
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been developed to facilitate programmed mutagenesist'®. How-
ever, the complexity and lower efficiency of these methods limit
their utility. Recently, the type II bacterial CRISPR (clustered
regularly interspaced short palindromic repeats) / Cas (CRIS-
PR-associated) system has been developed as an easy, inexpen-
sive, efficient and versatile technology for genome editing in
eukaryotic cells and whole organisms!''?,  Although CRISPR
/ Cas9 is the most favorite new technology, the practical appli-
cation of this latest method is not fully started throughout the
world; particularly in developing countries. Consequently, the
review tries to address the current application and understand-
ings of genome editing technology with an emphasis on CRIS-
PR / Cas9 especially in the context of veterinary medicine.

Historical perspectives

In 1987, Yoshizumi Ishino discovered unusual DNA repeats of
unknown function in the genome of the bacteria Escherichia
coli. Later in 2000, Mojica identified these same types of repeats
in other microbes and termed these to be Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR). Later work
uncovered similar repeat structures in a wide range of bacteria
and archaea. It was initially unclear what role these conserved
repeats might play in the prokaryotic genome!'*!5],

Table 1: Timeline of CRISPR/Cas9 development.
Year | Advancements and Developments
1987 | First report of CRISPR repeats

2000 | Recognition that CRISPR families are present throughout
prokaryotes

2002 | Coined “CRISPR” name defined Cas genes

2005 | Identified foreign origin of spacers proposed adaptive immu-
nity function

2007 | First experimental evidence for CRISPR adaptive immunity

2008 | CRISPR acts upon DNA targets
Spacers are converted into ctrRNAs that act as small guide
RNAs

2009 | Type III-B cmr CRISPRcomplexes cleave RNA
2010 | Cas9 is guided by spacers sequences and cleaves target DNA
via DNA double-strand breaks (DSBs)

2011 | tracrRNA forms a duplex structure with crRNA in associa-
tion with Cas9

type II CRISPR systems are modular and can be heterolo-
gously expressed in other organisms

2012 | Invitro characterization of DNA targeting by Cas9

2013 | First demonstration of Cas9 genome engineering in eukary-
otic cells

2014 | Genome-wide functional screening with cas9

Crystal structure of apo-Cas9

Crystal structure of cas9 in complex with guide RNA and
target DNA

Source:[1416],

Genome Editing

Genome editing emerged in the laboratory of Paul Berg in 1972
in the form of a recombinant DNA technology, when scientists
combined the E. coli genome with the genes of a bacteriophage
and the SV40 virus!''81. Since then, this science has achieved
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tremendous success. One of the challenges of genetic engineer-
ing is the ability to select a specific gene and alter it, or add
another gene or delete a gene. A key step in all of these is the
ability to cut and paste at specific sites, at very specific sites.
Now that one can read a gene in detail and when one knows what
the desired result should be, then the cut and paste side is critical.
Pasting is somewhat well known, especially if we have cut at the
right location!'?!,

Types of genome editing techniques

Technologies for making and manipulating DNA have enabled
advances in biology ever since the discovery of the DNA double
helix. But introducing site-specific modifications in the genomes
of cells and organisms remained to be a challenge. Based on
the use of gene modifying agents, genome editing techniques
can be classified as either non-nuclease based or nuclease based
techniques!?°-22,

Non-nuclease-based genome editing

This technique implements the use of physical agents such as;
fast neutron, Ultraviolet (UV) and x-ray radiation, or chemical
agents such as N-methyl-N-nitrosourea (MNU), or ethyl meth-
anesulfonate (EMS)*!. Among these compounds, EMS has
become one of the most effective, reliable, powerful and fre-
quently used chemical mutagens. EMS mainly induces Cytosine
(C)—to-Thymine (T) substitutions resulting in Cytosine/Guanine
(C/G) to Thymine /Adenine (T/A) transitions and at a low fre-
quency, EMS generates G/C to C/G or G/C to T/A transversions
through 7-ethylguanine hydrolysis or A/T to G/C transitions
through 3-ethyladenine pairing errors?*. The major challenge
in chemical mutagenesis stems from the large number of mu-
tations induced per genome, which requires the implementation
of tedious genetic mapping techniques to locate the causative
mutation to a defined genomic region?*,

Nuclease based genome editing

Targeted genome editing is a broadly applicable approach for ef-
ficiently modifying essentially any sequence of interest in living
cells or organisms?®!, This technology relies on the use of engi-
neered nucleases; artificial proteins composed of a customizable
sequence-specific DNA-binding domain fused to a nuclease that
cleaves DNA in a non-sequence-specific manner. These targe-
table nucleases are used to induce double-strand breaks (DSBs)
into specific DNA sites, which are then repaired by mechanisms
that can be exploited to create sequence alterations at the cleav-
age site. Nuclease-mediated genome editing enables genetic
studies that were previously difficult or impossible to perform
[27,28]

Early approaches relied on the principle of site-specific
recognition of DNA sequences by oligonucleotides, small mol-
ecules, or self-splicing introns!?’. In the last decade, the pace of
genome engineering genome editing has gained great momen-
tum. Several new approaches have been developed including the
use of the site-directed ZFNs, TALENS using the principles of
DNA-protein recognition was developed. However, difficulties
of protein design, synthesis, and validation remained a barrier to
the widespread adoption of these engineered nucleases for rou-
tine usell, 12. More recently, the two-component RNA-guided
endonucleases (RGENs) mediated technique has been developed
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and is being widely used in biomedical research. This technique
is known as the CRISPR / Cas system. It changes the landscape
of genome editing in a wide variety of organismst*3!,

Zinc finger nucleases (ZFNs)
Zinc-finger domain is among the most common types of
DNA-binding motifs found in eukaryotes and represents one of
the most frequently encoded protein domains in the eukaryotic
genome. An individual zinc-finger consists of approximately 30
amino acids in a conserved helical configuration. Several amino
acids on the surface of the a-helix typically contact 3 base-pair in
the major groove of DNA, with varying levels of selectivity®?.
The modular structure of zinc-finger proteins has made them
an attractive framework for the design of custom DNA-binding
proteins(3,

ZFNs consist of a customized DNA binding domain and
a DNA cleavage domain. The DNA-binding domain contains a
sequential fusion of multiple zinc finger domains, which bind to
specific DNA target sequences. Each zinc finger domain binds
a three base pair sequence of DNA. The DNA cleavage domain
employs the type Ils restriction endonuclease Fokl. Because the
double-stranded cleavage activity of Fokl requires dimerization,
a pair of ZFNs that bind on opposite sides of the target site is
used. To date, there are many reports of ZFN-based genome ed-
iting of a variety of organisms?*¥. Despite the advances of ZFN-
based methods in basic and translational research, ZFN technol-
ogy has several limitations. First, because zinc finger domains
have a higher affinity for G-rich sequences, there are several
three-base nucleotide sequences that do not have associated zinc
finger binding domains, which limit the robustness and specific-
ity of ZFN-mediated cleavage. Second, off-target cleavage by
ZFNs can alter the function of unknown genes, introduce onco-
genic translocations, and result in elevated cytotoxicity. Finally,
the generation of functional ZFNs requires a significant amount
of expertise in protein engineering.

Transcriptional activator-like effector nucleases (TALENSs)
Similar to ZFNs, TALENSs are chimeric proteins comprised of a
programmable DNA-binding domain fused to the Fok1 nuclease
domain. TALESs are naturally occurring proteins that are secreted
by the bacteria Xanthomonas and bind to sequences in the host
plant genome, activating transcription. The TALE DNA-binding
domain is composed of multiple repeats, each of which is 33-35
amino acids long®. Each repeat recognizes a single nucleotide
in the target DNA sequencel¢37,

Nucleotide specificity is conferred by a two-amino-ac-
id hypervariable region present in each repeat. Sequence-specif-
ic TALENSs are generated by modifying the two residues in the
hypervariable region and concatenating multiple TALE repeats
together. Because the TALE DNA-binding domain is fused to
Fokl, TALENS, like ZFNs, must also be used as dimers to gen-
erate DSBsP4,

Clustered regularly interspaced palindromic repeats (CRIS-
PR/ CAS9)

CRISPR / Cas9-mediated genome editing depends on the gen-
eration of double-strand break (DSB) and subsequent cellular
DNA repair process. In the endogenous CRISPR / Cas9 system,
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mature crRNA is combined with trans activating crRNA (tra-
crRNA) to form a tracrRNA: crRNA complex that guides Cas9
to a target site!*?l. The development, advancement and current
understanding of the CRISPR/Cas9 technique are discussed in
Table 2, the emphasis given on its application in veterinary re-

search.

Table 2: Comparison of engineered nucleases for targeted gene editing.

Vol: 4 Issue: 1

Features Advantages Limitations
ZFNs FoKl  endonucle- | High specify Non-modular;
ase fused to zinc | Low immunity | difficult and
fingers(ZF) which | Currently being | laborious engi-
interact with target | used in clinical | neering process
DNA trials Difficult to pre-
4-6 ZF motifs re- dict cytotoxic
quired to confer off-target  ef-
specificity fects
Each ZF motif rec- Some nucleo-
ognizes 3 base pairs tide triplets do
of DNA not have corre-
Single strand cleav- sponding ZF
age Pair of ZFNs
required to
target specific
DNA sequence
TALENs | FoKl endonucleases | Modulator  as- | 5° base of
fused to TALE do- | sembly, = more | TALEN target
mains which inter- | straightforward | site must be a
act with target DNA | assembly thymine
1 TALE domain rec- | Fusing multiple | Off-target ef-
ognizes 1 DNA base | TALE domains | fects
pair do not affect | TALEN bind-
Single strand cleav- | binding  speci- | ing is negative-
age ficity ly impacted by
Simpler target- | DNA methyla-
ing efficiency | tion
with less cyto-
toxic effects
CRIS-|Cas9 endonuclease | Easy to generate | Requirement
PR/Cas9 | derived from S.Pyo- | via simple mo- | for a PAM se-
gens recruited to | lecular cloning | quence  adja-
DNA via sgRNA techniques cent to the tar-
Site specificity re- | Higher target ef- | get site
sults from 20 base | ficiency Higher off-tar-
pairs of sgRNA in- | Ability to mul- | get effects
teracting with target | tiplex for target- | Binding  effi-
DNA ing of multiple | ciency impact-
Double strand break | genes ed by chroma-
tin accessibility
Source:

Application of CRISPR / CAS9 in Veterinary Science

Basic molecular mechanism of CRISPR / Cas9 in bacterial
immunity

CRISPR / Cas systems are diverse in widespread prokaryotic
systems found in almost every archaeal and 40 % of bacterial
species sequenced. Based on the presence of signature Cas pro-
teins, CRISPR / Cas systems are classified into three types: type
I, 11, and III for the presence of Cas3, Cas9, and Cas10, respec-
tively. The three types were further divided into more complex
subtypes depending on the presence of additional signature pro-
teins. However, the type Il CRISPR / Cas system containing the
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Cas9 protein is commonly used for eukaryotic genome editing
nowadayst>#],

Although out populated and preyed upon by abundant
and ubiquitous viruses, microbes routinely survive, persist, and
occasionally thrive in hostile and competitive environments.
The constant exposure to exogenous DNA via transduction, con-
jugation, and transformation have forced microbes to establish
an array of defense mechanisms that allow the cell to recognize
and distinguish incoming “foreign” DNA, from “self” DNA and
to survive exposure to invasive elements Bacteria defend against
invading DNAs with an adaptive immune strategy using a class
of RNA-guided nucleases*#. The RNAs are generated from
a CRISPR in bacterial genomes. The CRISPR-associated (Cas)
nucleases are then guided to foreign DNA targets by these CRIS-
PR RNAs (crRNAs) by the recognition of protospacer adjacent
motifs (PAMs) in the foreign DNA sequence. After complemen-
tary DNA-RNA base paring, the Cas nuclease cleaves the target
DNA by forming site-specific DSB.

Therefore, the defensive CRISPR/Cas9 system from
Streptococcus pyogenes (S. pyogenes) has been most studied
and provides researchers with a promising tool for specific ge-
nome editing, as in vivo DSB will be repaired mainly through
non-homologous end joining (NHEJ) or homology-directed re-
pair (HDR) pathways, introducing insertions or deletions. The
most explored CRISPR/Cas system for genome editing to date
employs the S. pyogenes Cas9 nuclease, which can recognize the
PAM sequence NGG (N is A, T, C or G)I7.

Bacteria have developed a technique where they can
recognize a foreign viral DNA segment and then “attack” is with
an enzyme and a targeted RNA segment that results in the for-
eign DNA being broken and becoming ineffective. This bacterial
process effectively kills the DNA of the invader, stops its repro-
duction and induces autophagy.

Adaptive immunity in this bacteria and archaea occurs in three

stages:

o insertion of a short sequence of the invading DNA as a spacer
sequence into the CRISPR array ( adaptation phase);

o transcription of precursor crRNA (pre-crRNA) that undergoes
maturation to generate individual crRNAs, each composed of
a repeat portion and an invader targeting spacer portion(bio-
genesis phase); and ¢

o rRNA-directed cleavage of foreign nucleic acid by Cas
proteins at sites complementary to the crRNA spacer se-
quence(interference phase) 48. The protospacer adjacent mo-
tif (PAM), a short sequence motif adjacent to the crRNA-tar-
geted sequence on the invading DNA, plays an essential role
in the stages of adaptation and interference. The type II sys-
tem requires only a single protein for RNA-guided DNA rec-
ognition and cleavage, a property that proved to be extremely
useful for genome engineering applications.
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Figure 1: The three Stages of CRISPR Immunity.

Source: [49]

CRISPR loci contain clusters of repeats (black diamonds) and
spacers (colored boxes) that are flanked by a “leader” sequence
(L) and CRISPR-associated (Cas) genes. During adaptation,
new spacers derived from the genome of the invading virus are
incorporated into the CRISPR array by an unknown mechanism.
The synthesis of a new repeat is also required. During crRNA
biogenesis, a CRISPR precursor transcript is processed by Cas
endoribonucleases within repeat sequences to generate small
crRNAs. During targeting, the match between the crRNA spacer
and target sequences (complementary protospacer) specifies the
nucleolytic cleavage (red cross) of the invading nucleic acid.

Development of CRISPR / Cas9 as genome editing tool

In 2012 Jennifer Doudna and Emmanuelle Charpentier first
utilized CRISPR/Cas9 to induce specific DSBs. Later in 2013,
Cong and colleagues designed two different type II CRISPR/
Cas systems and demonstrated that Cas9 nucleases can induce
precise cleavages at specific sites under the guidance of short
RNAs in human and mouse cells.

The type II system genomic CRISPR locus includes
the tracrRNA gene, Cas gene, and CRISPR repeat-spacer array,
which are transcribed into tracrRNA, Cas9 proteins and pre-crR-
NA, respectively. The Cas9: RNA complex randomly searches
DNA sequences and rapidly binds to the PAM sequence. After
binding to the PAM sequence (usually NGG motif for SpCas9,
sometimes NAG motif), the Cas9: RNA complex interrogate
the flanking DNA sequences for gRNA complementarity. At the
target sites that match the tracrRNA: crRNA complex and are
adjacent to PAMs, the HNH nuclease domain of Cas9 cut the
strand that binds to crRNA, and the RuvC-like domain cleaves
the opposite DNA strand to produce DSBs at the specific sites?l.

To avoid genotoxicity and achieve physiological lev-
els of transgene expression, gene-specific genome editing or
site-specific gene addition is preferable to the random integra-
tion of expression cassettes, which could result in insertional
mutagenesis and cancer as well as silencing of transgene expres-
sionP!. CRISPR is a tool that does just that specificity, it is a
very accurate, fast, and low-cost gene cutting tool.
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Figure 2: Biology of the type II-A CRISPR-Cas system.

Source:

The type II-A system from S. pyogenes is shown as an example.
(A) The Cas gene operon with tracrRNA and the CRISPR array.
(B) The natural pathway of antiviral defense involves association
of Cas9 with the anti-repeat-repeat RNA (tractRNA: crRNA)
duplexes, RNA co-processing by ribonuclease III, further trim-
ming, R-loop formation, and target DNA cleavage. (C) Details
of the natural DNA cleavage with the duplex tractRNA:crRNA.
With the gradual perfection of CRISPR / Cas9 systems, S. pyo-
genes Cas9 (SpCas9) co-expressed with custom guide RNAs
(sgRNAs or tracrRNA:crRNA duplexes) have been success-
fully used in bacteria, fungi, viruses, parasites, plants, animals
and human cell lines. Targeting with multiple sgRNAs was also
successfully applied to multiplex genome engineering. The ‘hu-
manized’ CRISPR / Cas9 system has overturned previous meth-
ods of animal model generation, functional genomic screens,
transcriptional modulation, epigenetic control and live imaging
of the cellular genome. However, although CRISPR / Cas9 has
a broad range of actions, several aspects still require further in-
vestigation and there are some points that remain worthy of at-
tention.

Natural DNA repair mechanisms restore breaks caused by
Cas9

DNA is not an inert structure. The genome is susceptible to
potentially mutagenic threats of both endogenous and environ-
mental origin. Unless quickly repaired, DNA breaks can lead
to chromosomal deletion, loss, rearrangement or cytotoxicity.
DNA double-strand breaks (DSBs) are a common form of DNA
damage and DSB rejoining is a fundamental mechanism of ge-
nome protection. Double-strand break repair mechanisms rely
on enzymes that evolved primarily to deal with developmentally
programmed double-strand breaks. The deliberate targeted in-
troduction of DNA double-strand breaks by endonucleases and
their coordinated repair underpin key biological processes such
as recombination between homologous chromosomes during
meiosisP*33,

Nucleases like Cas9-induce DSBs. The principle of ge-
nome editing relies on a DNA repair system that works when
DNA DSBs occur. In eukaryotic cells, there are two main types
of DNA double-strand breaks repair mechanisms, Non-Homolo-
gous End-Joining (NHEJ) and homologous recombination (HR)
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repair. NHEJ rejoins the broken ends and is often accompanied
by loss / gain of some nucleotides, thus the outcome of NHEJ is
variable: nucleotide insertions, deletions, or nucleotide substitu-
tions in the broken region. HR uses homologous DNA as a tem-
plate to restore the DSBs, and the outcome of this kind of repair
is precise and controllable. For example, through HR repair an
exogenous DNA sequence can be added at the break site in the
genome.

The strategy of homologous recombination relies on
the fact that replication generates an identical copy of the cellu-
lar DNA and the undamaged copy can be used as a template for
re-synthesis and repair of a damaged DNA strand. Homologous
recombination requires extensive stretches of DNA sequence
homology but is then a very accurate method of repair. HR is
used when generating transgenes that carry extra genetic mate-
rial By contrast, non- homologous end joining is a much more
robust but low fidelity form of double-strand break repair, where
the broken ends are simply fused together again irrespective
DNA sequence. This process requires at most a few base pairs
of homology between the two broken ends, but may lead to loss
of nucleotides at the join, hence the alternative names of ‘illegit-
imate recombination’ or ‘error-prone recombination’. NHEJ is
very important when generating mutants with complete loss of a
particular gene or protein.

[ T e ]

Figure 3: Nuclease-induced DSBs repair mechanisms.

Source:

a) Single nuclease-induced DSBs in a gene locus can be re-
paired by either NHEJ or HDR. NHEJ-mediated repair leads to
the introduction of variable length insertion or deletion (indel)
mutations. HDR with double-stranded DNA ‘donor templates’
can lead to the introduction of precise nucleotide substitutions
or insertions. b) The introduction of two nuclease-induced DSBs
in cis on the same chromosome can lead to the deletion or inver-
sion of the intervening sequence (left panel). The introduction of
two nuclease-induced DSBs on two different chromosomes can
lead to the creation of a translocation (right panel).

The experimental set up of CRISPR/Cas for genome engineer-
ing mainly composed of four steps.

Select the desired Cas9 cutting site at the gene of interest. Cas9
targets can be any 20-bp DNA sequence followed at the 3’ end
by 5'-NGG-3'.

Design and clone specific guide RNA into vector for coexpres-

page no: 5


https://www.ommegaonline.org/

Citation: Fesseha, H., et al. Application of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) in Veterinary Science: A Review. (2020) J Vet

Sci Animal Welf 4(1): 1-9.

sion. sgRNA expression vectors can be constructed by cloning
20-bp target sequences into a plasmid backbone encoding a U6
promoter-driven sgRNA expression cassette and Cas9.

Delivery to the cell, this can be done by transfection or electro-
poration.

Analysis of genomic alteration®*.

Advantage and disadvantage of CRISPR / Cas9 technique
To date, the CRISPR / Cas9 system has already shown itself to
comprise a robust and flexible tool for genome editing and gene
regulation. Comparing with ZFNs and TALENS, there are sev-
eral advantages to CRISPR / Cas9. ZFNs and TALENS are built
on protein guided DNA cleavage, which needs complex and
time-consuming protein engineering, selection and validation.
In contrast, CRISPR / Cas9 only needs a short programmable
gRNA for DNA targeting, which is relatively cheap and easy to
design and produce. Through using Cas9 and several gRNA with
different target sites, CRISPR / Cas9 is able to simultaneous-
ly induce genomic modifications at multiple independent sites.
This technology can accelerate the generation of transgenic ani-
mals with multiple gene mutations, and disrupt multiple genes or
a whole gene family to investigate gene function.

With further research on CRISPR, however, it became
apparent that this technology was not as easy as once assumed.
A large number of studies have investigated diverse factors af-
fecting the CRISPR/Cas9 system, such as Cas9 activity, target
site selection and sgRNA design, delivery methods, off-target
effects, and the incidence of HDR. By addressing these potential
pitfalls, we can take better advantage of this technique, as well
as improve its efficiency and specificity.

Another disadvantage of the method is because of the
adaptability behavior of viruses. Viruses escape immunity by
making point mutations in either the memorized regions of their
genomes. Mutated virus DNA molecules adopt a stealth mode
inside the cell and require a new cycle of memory formation
before they are subject to interference once again. Cycles like
these contribute to the ongoing coevolution between invaders
and their hosts.

Applications of the CRISPR / Cas9 technique in veterinary
medicine

One of the most important applications of CRISPR / cas9 sys-
tem is genome editing. CRISPR / Cas9 provides a robust and
multiplexable genome editing tool, enabling researchers to pre-
cisely manipulate specific genomic elements, and facilitating the
function elucidation of target genes in biology and diseases. It
was used in different animals to create gene mutations. also used
to induce desired genomic alterations in plants for generating
specific traits, such as valuable phenotypes or disease resistance.
The production of transgenic animals is now quick and easy
through this technique%!,

Genetically engineered animal models are crucial
for the study of complex cellular and physiological processes.
While mouse models have been widely used, the CRISPR / Cas9
gene-editing approach has been established in many other animal
models, including worm, fly, fish, rat, rabbit, goat, sheep, dog,
pig, and monkey. The expansion of transgenic animal models
beyond mouse is advantageous to biomedical research because
it can accelerate the development of new therapeutic strategies.
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The other possible, yet to be developed application of
CRISPR / Cas9 technology is gene therapy. Genome editing has
the potential to permanently cure diseases through disrupting
endogenous disease-causing genes, correcting disease-caus-
ing mutations or inserting new protective genes. As the newest
engineered nucleases, CRISPR / Cas9 provides a novel highly
efficient genome editing tool for gene therapy studies. For in-
stance, it is possible to remove the integrated proviral viral genes
from host cell genomes by CRISPR / Cas9, where Cas9 digests
the genes required for viral survival and replication?®®*7, This
system could be used for treating infectious diseases by eradi-
cating pathogen genomes from infected individual animal or by
mutating the protein used for entry of a particular pathogen. In
addition, this system has been shown to delete viral genes from
the host cell chromosome.

One of the powerful applications of the CRISPR / Cas9
technology is the high-throughput screening of genomic func-
tions. The oligo libraries encoding hundreds of thousands of
sgRNAs can be computationally designed and chemically syn-
thesized to target a broad set of genome sequences. By pairing
with Cas9 or dCas9 fusion proteins, this provides an approach
to systematically knock out, repress, or activate genes on a large
scale. The technique requires a delicate delivery method that en-
sures that every cell only receives a single sgRNA, usually via
lentiviral or retroviral delivery into mammalian cells?®®!,

In addition to applications in genome editing and reg-
ulation, DNA-binding proteins, such as ZFs, TALEs, and dCas9
have been fused to fluorescent proteins (FPs) to allow direct im-
aging of genomic loci in living cells. Additionally, dCas9 has
also been used for studying proteins that interact with specific
loci, and it may potentially be used to target RNAP. Fluores-
cently tagged Cas9 labeling of specific DNA loci was recently
developed as a powerful live-cell-imaging.

CRISPR / Cas9 gene-editing technology has been used
in veterinary research. It is reported that the technology is effi-
cient to generate transgenic animals such as cattle, pigs, chicken,
and goats®®*®!, In the realm of livestock, genome editing is just
beginning to be applied, so specific applications are still emerg-
ing. One example that is being pursued currently is the genetic
dehorning of dairy cattle to avoid invasive, painful and expen-
sive physical dehorning procedures!®?l. Another application envi-
sioned for cattle and for pigs is a mutation of the myostatin gene,
which negatively regulates the production of skeletal muscle!®).

Recently, scientists successfully produce live calves
with increased resistance to bovine tuberculosis. They insert-
ed into the natural resistance-associated macrophage protein-1
(NRAMP1) gene into the genome of bovine fetal fibroblasts (a
cell derived from female dairy cows). These cells were then used
as donor cells in a process called somatic cell nuclear transfer,
where the nucleus of a donor cell carrying the new gene is insert-
ed into an egg cell, known as an ovum, from a female cow. Ova
were cultivated in the lab into embryos before being transferred
into mother cows for a normal pregnancy cycle. The cows later
delivered calves harboring the NRAMP1 gene and these calves
were resistant to Mycobacterium bovis infection®!.

The other importance of CRISPR / Cas9 gene editing in
veterinary medicine is the production of long hair fibers in Cash-
mere goats. The disruption of fibroblast growth factor 5 (FGF5)
in goats results in increased fiber length in cashmere goats and
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that these phenotypes have the potential to transmit to the fol-
lowing generations 59. In addition, CRISPR / Cas9 mediated
gene-edited pigs that are protected from porcine reproductive
and respiratory syndrome virus (PRRS)/4.,

For veterinarians there are three specific takeaways:

» CRISPR can be used in animals, specifically companion ani-
mals, to remove genetic defects and enhance certain traits.

* Gene editing through CRISPR is a more consumer-friendly
technique to get crops and farm animals with greater disease
resistance and productivity with enhanced nutritional traits.

» The CRISPR technology can be used in vaccine production,
reducing allergenic effects when the vaccines are produced
in eggs and potentially speeding up the design of new vac-
cines!®l.

Although CRISPR / Cas9 is still a technology on prog-
ress, it will likely help developing countries including Africa to
increase livestock productivity and to combat diseases such as
those transmitted by vectors. The other promising application of
the system is to prolong the aging process of highly productive
animals, generate disease-resistant breeds and to make ease the
process of vaccine production. At places where some particu-
lar disease is endemic and causes a substantial distraction on
animals, it will not be a challenge to edit animals’ genetic con-
stitution and make the subsequent generation resistant to that
particular disease!*l.

Technologies like CRISPR / Cas9 could in the future
lead to more meaningful inventions that will help combat the
spread of deadly diseases, especially in less developed countries.
It could be applied to create genetically modified insects. This
has a significant importance for the potential control of vec-
tor-borne diseases such as trypanosomiasis. Manipulating insect
genes to make them more susceptible to insecticides and the
production of sterile and harmless insects is a possibility using
CRISPR / Cas?9.

Perspective of CRISPR/Cas9 regarding Ethical Consider-
ations

The era of straight forward genome editing raises ethical ques-
tions that will need to be addressed by scientists and society
at large. How can we use this powerful tool in such a way as
to ensure maximum benefit while minimizing risks? It will be
imperative that nonscientists understand the basics of this tech-
nology sufficiently well to facilitate rational public discourse.
Regulatory agencies will also need to consider how best to foster
responsible use of CRISPR-Cas9 technology without inhibiting
appropriate research and development.

An important ethical issue in research is that benefits
must be greater than risks. Greater attention must be placed on
risks, since they may damage living beings or the environment.
The application of the CRISPR / Cas9 technique involves risks
since it may produce off-target mutations, which can be dele-
terious. A high frequency of off-target effects has been found
in human cells, but low in mice and zebrafish. One problem is
that large genomes may contain multiple DNA sequences identi-
cal or highly homologous to the intended target DNA sequence.
CRISPR / Cas9 may cleave also these unintended sequences
causing mutations that may cause cell death or transformation.
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Efforts have been made to reduce off-target mutations, but fur-
ther improvement is needed, especially for precise modifications
needed for therapeutic interventions. Another important prob-
lem is the efficient safe delivery of CRISPR-Cas9 into cell types
or tissues that are hard to transfect and/or infect!®!.

The implications of designer animals, consumer-friend-
ly agricultural production and superior vaccination techniques
all could be just over the horizon. Undoubtedly much of this
brings up ethical questions and questions in regulatory deci-
sion-making, but the speed of development of the technology,
particularly in countries such as China, is now moving forward
so quickly that even with some forms of restrictions and agree-
ments, we will soon see CRISPR cause tectonic shifts in the way
the world produces food™®. The release of CRISPR-edited in-
sects carrying gene drives will require stringent pre-release risk
assessment of non-target effects to prevent unintended ecologi-
cal consequences. In order to assess the technology’s potential
and avoid the considerable pitfalls, many failures, successes and
cautionary tales born of traditional control methods must be con-
sidered: they must be precise, must be aware of ecosystem-wide
implications, and must be wary of and anticipate possible unin-
tended consequences!®”..

Conclusion

Genetic engineering has been extensively used in human and
animal science studies. Moreover, it has been used to increase
the productivity and environmental adaptability of animals and
crops and also to fight against vector-borne communicable dis-
eases. The programmability of the CRISPR / Cas system has
made gene targeting and editing much more flexible. With rap-
id progress in this new technology, there is no doubt that other
exciting CRISPR/Cas-related applications would appear in the
near future. Moreover, the CRISPR / Cas researches in mamma-
lian cells and animals are providing new insight into clinical ap-
plications and promising a new tool for gene therapy. As a pow-
erful, yet versatile, gene-editing and regulation tool, CRISPR /
Cas9 technology is already accelerating both research and ther-
apeutics. It is believed that its broad applications in genomics
research and cell biology research will greatly advance knowl-
edge of both basic biology and diseases in the years to come.
Despite its useful application, optimization of most techniques
was laborious, cost-ineffective, non-specific and had many un-
wanted environmental damages. Since its advent, CRISPR /
cas9 is showing a great promise of being the novel genome ed-
iting technology of the coming future with a hope to be used in
human and veterinary medicine.Besides, this technology used
to produce disease-resistant animals especially for exotic breeds
that are susceptible for most of endemic diseases.
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