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ABSTRACT

The CRISPR- Cas system is a genome editing system seen in prokaryotic immune system.
Bacteria and archaea protect itself against invading viruses and plasmid by targeting RNA
or DNA of the invading element predominantly using this gene-editing tool.The CRISPR-
Cas defense mechanism is carried out in three stages; adaptation stage where the
spacers are inserted into the CRISPR locus, the expression stage where crRNA is formed
by transcription of the CRISPR loci and the interference stage where the invading
element is destroyed by the crRNA and cas proteins. The CRISPR-cas has been involved
in many other functions apart from the immune defense they include; DNA repair,
regulation of virulence, genome evolution, inhibit biofilm formation etc. The application
of CRISPR-cas system include genome engineering, agriculture to efficiently target and
mutate plants, improve crop yield and crop resistance, in medicine to eradicate genetic
diseases. However, ethical considerations are a major setback of CRISPR-Cas application
especially in medicine. CRISPR-Cas has been used in variety of species including cultured

human cell, rice, drosophila and mice.
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INTRODUCTION

Bacteria and archaea have been found to adapt
to harsh and unfavorable environments and
survive competition of nutrients and other
resources. In addition, bacteria and archaea are
capable of withstanding predation from other
living organisms and viruses. This has been
made possible because of the bacteria’s ability
to modify and expand their genetic content,
ability to defend itself from virus invasion and
control its genetic homeostasis. Bacteria usually
eubacteria try to acquire useful genetic material
from their external environment usually plasmid
and transposons and they get rid of their
redundant gene in other to control the size of
their genome. Clustered regulated interspaced
short palindromic repeat (CRISPR) together with
Cas protein have been recently found to provide
archaea and bacteria immunity against viruses
and plasmids by targeting their DNA and RNA
(Barrangou, 2015).

The prevalence of CRISPR loci has been found
to be 84% in archaea and 45% in bacteria. The
CRISPR, which consist of an array of short
repeated sequence (24-47 bp) are separated by
spacers in a unique sequence can be found on
both chromosomal and plasmid DNA. CRISPR is
part of the antivirus system whereby spacers are
obtained from DNA or RNA of the plasmid or
virus and are use as a recognition element that

binds to the virus genome in other to destroy
the virus or confers immunity (Rathet a/., 2015).
CRISPR-CAS SYSTEMS

The CRISPR-Cas system is a genome editing
system first observed in prokaryotic RNA-guided
immune system. CRISPR repeats were first
observed in E. coli genome that is found to be
an unusual repeat locus (Harrison et al, 2014
and Rathet al, 2015). It was later found out
that bacteriophage and its genetic element
resemble that of the CRISPR loci and this leads
to investigation that the spacers are derived
from the viral genome. The proto-spacers from
the invading viral genome or plasmid genome is
copied as the spacers and are inserted in
repetitive sequence in the CRISPR locus, which
forms short CRISPR RNAs (crRNAs) by
transcription. The Cas proteins are then guided
by the crRNAs to the target sequence (Harrison
et al., 2014).

Three major types of CRISPR —Cas system; type
I, type II, type III and eleven subtypes of
CRISPR-Cas system have been found (Harrison
et al, 2014; Chylinski, 2014;Barrangou,
2015).The CRISPR-Cas system type I and II,
consist of the proto-spacer adjacent motif (PAM)
(a 2-6 base pairs DNA sequence) that cleaves
target DNA and also enables the Cas system to
distinguish foreign phage or plasmid genome
from the host CRISPR locus of the host genome
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that does not have an adjacent motif (Harrison
et al., 2014).All the three types of the CRISPR-
Cas system contain Casl and Cas2 genesthat
integrate and or cleave genetic element into the
CRISPR region. The Casl gene is a metal
dependent DNA-specific endonuclease that
produces double stranded DNA (dsDNA). The
Cas2 gene is also a metal dependent
endoribonuclease that is involved spacer
acquisition. However, each CRISPR-Cas system
has a specific Cas gene. The type I CRISPR-Cas
system has Cas3 gene as its specific gene that is
responsible for helicase and DNAase activities.
The Cas9 gene is specific for type II CRISPR-Cas
system, a protein that is responsible for RuvC-
like and HNH nuclease domain. The type III
system consists of Casl0 gene that entails
nucleic acid polymerase and nucleotide cyclase.
The RAMPs (Repeat associated mysterious
proteins), which is also a Cas protein, found in
all types of CRISPR-Cas systems and involved in
processing the pre-crRNA transcription. Cas
proteins are diverse in the sense that they do
not resemble each other; studies have shown
that over 30 Cas families were studies but no
similarity was found (Makarovaet a/., 2011).
Type II Cas systems has the most minimal
number of Cas genes and require the least
number of components: a CRISPR repeat spacer
array, three to four Cas genes, trans-activating
CRISPR-RNA (tracrRNA) and endogenous RNase
III (Chylinskiet al., 2014). Type II CRISPR-Cas9
systems are considered the easiest and most
promising for wuse in genetic engineering
(Harrison et al., 2014).

THE ORIGIN OF CRISPR-CAS SYSTEM

A series of discoveries occurred that allowed
researchers to first uncover how the CRISPR-Cas
system functions, determine the Cas9
endonuclease capabilities, and then figure out
how to reapply the system in humans. The first
recorded recognition of repeat CRISPR
sequences occurred in 1987 in E. coli when
studying the involvement of iap enzyme in
isoenzyme conversion of alkaline phosphatase
by a group of scientists from Japan (Hsu et al.,
2014;Ishinoet al., 1987;Fineran and Charpentier,
2012). They noticed that repeat sequences were
arranged in an array of spacer sequences in the
genome of £. coli before anyone had discovered
the function of these genes (Ishinoet a/, 1987).
In fact, it wasn't until the year 2000 that these

sequences were classified as a family of
clustered repeat elements and Mojica and
Jansen coined the acronym “CRISPR” in 2000
(Hsu et al., 2014).

Two more key discoveries happened before
genome editing of CRISPR-Cas type II system
was approached. First study showed that Cas9
(previous called Casb) has endonuclease activity
and is able to cleave both plasmid and phage
DNA that are in the proto-spacer region. The
second discovery uncovered a significant step in
the maturation of crRNA (Hsu et al, 2014).
Researchers uncovered abundantly transcribed
RNA that had 24-25 nucleotides complementary
to all pre-crRNA that they called the trans-
activating CRISPR-RNA (tracrRNA) and noted
that pre-crRNA maturation requires binding to
tracrRNA, and the presence of RNase III and
Cas9 (Deltchevaet al, 2011).

With all of the components for the CRISPR-Cas9
system uncovered, scientists began to consider
the applicability of Cas9 for genetic engineering
(Hsu et al, 2014). On the path to harnessing
the type II CRISPR system as a gene-editing
tool, Sapranauskas and colleagues (2011)
transferred a CRISPR locus from S
thermophilusnto£. coli. They reported that it is
possible to express a functional CRISPR-Cas9
system from one bacteria strain to prevent
plasmid transformation in different strain.

One more essential article was published before
CRISPR-Cas9 was used to target DNA in
mammalian cells (Hsu et al, 2014). Jinek and
others (2012) reported the ability to program
Cas9 for site-specific DNA cleavage using a
single chimeric guideRNA instead of the
biological tracrRNA and crRNA components. The
chimeric guideRNA imitated the respective roles
of tracrRNA and crRNA in facilitating DNA
cleavage and guiding Cas9 to the target DNA
(Jineket al, 2012). The use of an engineered
chimeric RNA a new programmable RNA-guided
endonuclease could be used and provided great
promise for future uses in gene-targeting and
gene-editing applications (Jineket al, 2012).
One year after this critical paper was published,
as predicted, two different studies showed that
type II CRISPR systems could be used to edit
mammalian genomes (Hsu et al, 2014). The
figure below shows the time line of CRISPR-Cas
discovery and experiment regarding it by several
scientists.
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Figure 1: The history of CRISPR-Cas system and experiments regarding it by several scientists since
its discovery in 1987. Adopted from Bassett, A. R. and Liu, J. (2014).

FUNCTIONS OF CRISPR-CAS SYSTEM

The CRISPR-Cas as an Adaptive Immunity
in Prokaryotes

The CRISPR-Cas system serve as an immune
defense mechanism predominant in bacteria and
archaea to protect itself against invading viruses
and plasmids by targeting RNA or DNA of the
invading element (Rathet a/, 2015). The
CRISPR-Cas defense mechanism are in three
stages; adaptation stage, whereby the spacers
are inserted into the CRISPR locus, expression
stage where crRNA is formed by transcription of
the CRISPR loci and the interference stage
where the virus or plasmid is detected and
destroy by the crRNA and Cas proteins (Jiang
and Doudna, 2015; Rathet a/,, 2015).
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Adaptation stage

In this stage the genetic memory is established,
which is very important for expression and
interference stage in other to counteract the re-
invasion of foreign nucleic acid and the new
spacers are inserted into the CRISPR loci. There
are two types of spacer acquisition; the naive in
which this is the first time the virus attacks the
bacteria or archaea cell and prime in which there
have been previous encounters with the
intruding genetic element (Figure 2). After the
acquisition, the protospacer and spacer material
are selected which is then followed by the
insertion of the spacer into the CRISPR loci and
repeats are then synthesized (Figure 2). The
Casl and Cas2 proteins are the main key factors
in spacer integration (Fineran and Charpentier,
2012;Rathet al., 2015).
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Figure 2: Mechanism of spacer acquisition during adaptation in CRISPR-Cas system. Adopted from

Fineran and Charpentier (2012).

Expression stage

This is also known as the CRISPR-RNA (crRNA)
biogenesis whereby the CRISPR locus is
transcribed into precursor RNA (pre-RNA) and
then into crRNA by endonucleolytic cleavage.
The crRNA is composed of the single spacer that
is surrounded by CRISPR repeat sequence (Jiang
and Doudna, 2015). The crRNA biogenesis is
similar in most organisms, however; type
specific differences have been observed in some
organisms (Rathet a/, 2015).
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Interference stage

In the interference stage, the CRISPR-RNA is
bound to the CRISPR-assisted (Cas) protein to
locate the protospacer in the invading plasmid or
virus and destroy the DNA thereby preventing
the propagation of the virus or plasmid. The
destruction is usually performed by the specific
Cas nucleases (Jiang and Doudna, 2015;Rathet
al, 2015). In CRISPR-Cas type II system,
tracrRNA and crRNA together with Cas9 are
required for the interference stage. The
tracrRNA binds to Cas9 and crRNA targets and
destroy the invading genetic element (Rathet a/.,
2015).
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Figure 3 CRISPR-Cas adaptive immune mechanism in prokaryotes illustrating the adaptation stage
(a), expression stage (b) and interference stage (c). Adopted from

Fineran and Charpentier(2012).

CRISPR-Cas
Functions
CRISPR-Cas has been found to perform other
functions in prokaryotes other than providing
immunity against invading viruses and other
genetic element. CRISPR-Cas system is found to
carry out other functions within the cell including
DNA repair, regulation of virulence and genome
evolution. CRISPR-Cas has been found to control
defective protein in £. coli. InFrancisellanovicida,
CRISPR-Cas9 promotes the repression of
endogenous lipoprotein gene. it has also been
observed that Pseudomonas aeruginosa CRISPR
inhibits the formation of biofilm. However, these
functions are still under investigation to
determine whether they are independent
function or they are related to CRISPR-Cas
predominant immune function (Rathet al,
2015;Barrangou, 2015).

APPLICATIONS OF CRISPR-Cas SYSTEM
Genome Engineering

The majority of CRISPR-Cas system application
is in the field of genome engineering because of
its ability to produce double stranded break
(DBS) at specific region within the genome. The
DBS, is repaired by homologous recombination
(HR) or non-homologous end joining (NHEJ)

Involvement in other

because, HR and NHEJ can be use to promote
mutation and manipulate the genome (Bassett
and Lui, 2014). CRISPR-Cas9 system was used
to detect mutation in Drosophila melanogaster in
which injection of the Cas9 mRNA into
Drosophila embryo induces mutation of the
desired gene, 88% of the injected flies were
found to express those genes and mutation
were transmitted through germline and stable
line was established (Bassett et a/,, 2013).
CRISPR-Cas system effectively use for multiplex
genome engineering (Lui and Fan, 2014). The
CRISPR-Cas9 system is capable of multiplexing
with multiple guideRNA targeting different sites
and one Cas9 protein; multiple sites can be
altered at the same times. This is useful when
one guideRNA is not enough to disrupt a gene
(Auer and Del Bene, 2014) or when modifying
two or more genes at the same time (Zhou et
al., 2014).

Using two different guideRNAs to target the
same gene has been shown to increase
mutagenic frequencies. On the other hand,
targeting more than one gene at the same time
is also useful because it can decrease the time
and money required to produce animal models
with different mutations.
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Multiplexing offers a unique ability of CRISPR-
Cas9 that has not been successfully utilized
using ZFNs or TALENs due to the complexity
required to design a protein for each targeted
gene and the variable efficacy at each gene
(zhou et al., 2014)

Multiplexing with CRISPR-Cas9 was performed
shortly after the system was first established for
use in eukaryotes. One of the first multiplexing
experiments was completed in mice with two
guideRNAs targeting the Tetl and Tet2 genes
(Wang et al., 2013). The two guideRNAs were
co-injected with Cas9 to yield biallelic mutations
of both genes at 80% efficiency (Wang et a/,
2013). A similar experiment in rats resulted in
bi-allelic mutagenesis of three different genes at
a rate of 60%. As many as six genes have been
targeted at one time with ten guideRNAs,
resulting in  multiplexed gene alteration.
Multiplexing with CRISPR-Cas9 was also used to
generate mouse models with mutations in
multiple immune response genes (Zhou et al,
2014).

In an experiment, five different guideRNA were
injected with Cas9 into 9 mice. The results
showed that 22.2% had four mutations, 33.4%
had three mutations, and 44.4% had two
mutations. No mice had five different genes
altered. The multiplexing efficiency increased to
85% when multiple guideRNA targeting the
same genes were used at the same time (Zhou
etal, 2014).

Agriculture

Genome editing using CRISPR-Cas system has
been found to be effective in eukaryotes.
CRISPR-Cas has been reported to efficiently
target and mutate plants. Gene editing is of very
important in agriculture as it improves crop vyield
and crop resistance. Before the discovery of
CRISPR-Cas systems, zinc finger nucleases
(ZFNs) and transcription activator-like effector
nucleases (TALENsS) have been used in gene
editing, however, they are tedious and time
consuming unlike CRISPR-Cas that is easier and
cheap that requires a pair of oligonucleotide to
construct plasmid (Xie and Yang, 2013).

Xie and Yang (2013) demonstrated the use
CRISPR-Cas system as gene editing tool in rice
protoplast resulted in 60% of GFP expression in
18 hours after transformation and 90% after 36-
74 hours after transformation indicating the
expression of cas9 nuclease. Therefore CRISPR-
Cas can be adopted as gene editing and
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