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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR) which is literally defined as a clustered regularly interspaced short palindromic
repeats is an adaptive immune system in bacteria, which enables them to detect and destroy the DNA of the virus. In fact, CRISPR is a defense
mechanism in prokaryotic cells, which induces resistance to foreign genetic content, such as that found in the plasmid or phages. The proteins
involved in this mechanism are called CRISPR associated proteins (CAS) which have the ability to search, cut and eventually transform phage DNA
in a specific way. The CAS is a protein with an enzymatic function which can be called nuclease, given the fact that it plays a special role in the
DNA sequence and CRISPR arrays. The CRISPR technology allows changes in DNA, which enables to modify and make any changes to any gene
in any living creature, much more accurately and better than all previous methods. In this review, we introduce the mechanisms and benefits
of CRISPR in genome editing, briefly reviewing CRISPR programs in gene therapy exploration and CRISPR’s ability to produce different types of

mutations through different repair mechanisms.
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) is an adaptive immune system in bacteria, which
enables them to detect and destroy the DNA of the virus."?
The discovery of compatible immune systems like CRISPR
in prokaryotes is one of the exciting developments in
microbiology in the past decade.

Due to their programmable nature, the CRISPR arrays have
been introduced into the public consciousness as genomic
editing tools. CRISPR’s ability to adapt and protect against
attackers that have been previously unused has made it
possible to easily plan with custom RNA guides. This in turn
has led to the use of CRISPR as an exceptional tool for editing
genome directing.’ The CRISPR array consists of two major
elements; the first element is a cassette with direct repeats
of DNA, with 21-47 bp length which is interspersed with
nonrepetitive sequences and the second element is a set of
CAS genes"** (Figure 1).

Direct repeats (DRs) are conserved sequences, except the
repeat sequence in one end of CRISPR, which is generally not
conserved and therefore the DRs are called degenerates. On
the other hand, SPACER sequences are totally different. The
SPACER is a non-repetitive sequence in the CRISPR array
which is created by Proto-SPACERs located in the aggressive
genetic elements such as phages and plasmids. It helps to

protect the cell from subsequent infection by the same
phages, when placed inside the CRISPR of bacterial cell.>"
Proto-SPACER is an extension in external DNA, which is
known as a SPACER in the host genome.!' The active sites of
CRISPR are evolved by adding several new SPACERs exposed
to the bacteriophages. However, genome sequencing analysis
revealed the involvement of a variety of single nucleotide
polymorphisms (SNPs) and INDEL (insert/delete).'*'
Several bioinformatics studies have been published that show
the match of CRISPR SPACER content with the bacteriophage
genome. !¢

The CRISPR in one end is accompanied by leader sequence
before the first DR, which is believed that acts as a promoter
for CRISPR transcription in small RNAs.

The CAS proteins (CRISPR-associated) are coded by
operons located in the vicinity of the CRISPR sequence and
contain the domains that comprise the functional portion of
nucleases, helicases, polymers, and polynucleotide binding
proteins.'”?' The CAS genes act with two types of RNAs. In
this process, the CAS genes act as scissors and a piece of RNA
as an addressing tag and ensure that cutting is done in the
right place.** Most of the genes related to the CRISPR have
been found in one part in the CRISPR region,** whereas CAS
genes are found in different regions of CRISPR. Naturally, this
short genetic element (CAS) occurs only through the attack of
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Figure 1. Structure CRISPR array. The CRISPR array consists of duplicate
sequences (repeats) that are separated by variable sequences (spacers) from the
attack by mobile genetic elements (MGEs). The CAS genes are usually located
near the CRISPR locus but can be encrypted elsewhere on the genome.?

viruses (not the bacterial genome), and therefore ensures that
the CAS does not eliminate its CRISPR position.”

Some of the CAS proteins have the ability to detect foreign
DNA which attacks the bacteria. CRISPR RNAs (crRNAs)
create a new repeat-spacer from proto-SPACERs of external
DNA and import it to CRISPR in leader end. The crRNA is
hybridized with tracrRNA (and coded by CRISPR system)
and this pair of RNA is linked to CAS nucleases. The crRNA/
tractrRNA/CAS9 complex is responsible for the diagnosis
and separation of external DNA with Proto-SPACER.
The CRISPR/CAS is an engineered system composed of
convergence between crRNA and part of the tracrRNA
sequence.” Therefore, when the same exogenous nucleic acid
is attached, CRISPR transcript crRNA can be diagnosed and
decomposed external nucleic acid. With this method, CRISPR
with CAS proteins can block external sequences like phages
and plasmids®?*® (Figure 2). The function of the CAS protein
in CRISPR is similar to the RNAi function in eukaryotes.”

Diagnosis of the target DNA by CAS enzyme is achieved by
a Proto-SPACER adjacent to the sequence motif (PAM) which
is located directly in the strand section of non-target DNA.
If a correct nucleotide is created, CAS9 degenerate double-
stranded DAN at 3-4 nucleotides after PAM site. The PAMs
usually have several nucleotide sequences and their sequences
differ according to the CRISPR/CAS systems.'"*” The gRNA
gene in addition to CAS, leads to the separation of target DNA
locus, which is complementary to the first 20 nucleotides of
gRNA (in the 5" end) and adjusts to PAM sequence.'"?

Originally, the CRISPR/CAS system is used for the
genotyping purposes®* and epidemiological studies based
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on the hypervariable nature. It studies the relationship
between host and virus in natural systems.'®*"** Several
studies have shown that CRISPR hypervariable locus can
be used for the bacterial genotype separation and presents
an excellent framework for the pathogen detection and
evolutionary studies. In fact, this technique has been used to
describe various pathogens.*** Hypervariable locus is widely
distributed among species based on the number of CRISPR/
CAS systems and CAS genes, DRs and SPACER content.'

Classification of CRISPR
Generally, three types of CRISPR/CAS systems (I, II, III) are
created based on the sequence of CAS genes.*

The CAS1 and CAS2 are available in all CRISPR/CAS
systems. They are expected to be active and appear to
be involved in the information processing system in the
integration of the SPACER in the adaptation phase.*
Among CRISPR/CAS systems in Streptococcus thermophilus,
CRISPR1 and CRISPR3 have the ability to read and gain new
SPACERs which are exposed to bacteriophage or plasmid.**’
Although, the occurrence of each CRISPR in this species can
be widely different.!>+%

Several studies have shown that, CRISPR region was
classified to 8 subsets which are widely distributed in bacteria
and archaea (Escherichia, Yersinia, Neisseria, Desulfovibrio,
Thermotoga, Haloarcula, Apern and Mpycobacterium).”

These eight distinct subsystems of the CRISPR/CAS system
(CASS1-CASS8) are defined by the composition and structure
of the CAS protein and the CAS1 phylogene.?*

The CRISPR subsets in each set were different in DR,
SPACER and CAS gene section. For example, in Yersinia
and Escherichia the DR, SPACER, and CAS were different.
Only one CASI gene was found in all subsets of the CRISPR
region.”

Each of these 8 subsets have regions related to the CRISPR/
CAS, which is called CSY and Y indicates the Yersinia subset.
The CSE, for example, is the CRISPR region in Escherichia
subset.”

Immunologic Function of CRISPR

The discovery of CRISPR/CAS compatible with immune
systems in prokaryotes has been one of the most exciting
developments in microbiology over the last decade.”> The
ability of mobile genetic elements (MGEs) to change the
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Figure 2. Details of Natural DNA Occurrence With Duplex tracrRNA, CRRNA.2¢ crRNA/tracrRNA/CAS complex is responsible for the diagnosis and separation of external
DNA with Proto-SPACER. The CAS gene operon with tracrRNA and the CRISPR array and the natural antiviral defense pathway include CAS communication with
tracrRNA/crRNA, RNA co-processing by ribonuclease IlI, R-loop formation, and DNA cleavage. When the same exogenous nucleic acid is attached, CRISPR transcript
crRNA can be diagnosed and decomposed external nucleic acid. With this method, CRISPR with CAS proteins can block external sequences like phages and plasmids.
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structure (genotype) or the bacterial phenotype is well-
known.*® The CRISPR in prokaryotes is an effective defense
system against MGEs especially bacteriophages, plasmids and
transposons.” There is evidence that this system plays a role in
other processes, such as genetic adjustment, DNA repair and
genome development.®** Recognizing the role of CRISPR/
CAS in these processes will improve our understanding of the
development and maintenance of the CRISPR/CAS system in
the prokaryotic genome.***

The CRISPR locus, along with the CAS genes, forms the
CRISPR/CAS immune system, which is present in 46% of
bacteria and about 90% of archaea.’®*” Bacteria and archaea use
different defense systems to protect against phages and other
parasites. Although many defense systems, such as restriction
systems, provide the innate immune system, almost half of
the bacteria and most archaea have compatible immunity that
is coded by the CRISPR/CAS system.** In previous studies,
the effect of CRISPR in resistance to bacteriophages and
Iytic plasmids have been proven.'>* The first direct evidence
for the use of these systems in defense was obtained from
the study conducted on Streptococcus thermophilus which
showed resistance to the phage infection by combining proto-
SPACER sequences with CRISPR locus.'? However, CRISPR
resistance to bacteriophage and plasmids has been observed
in Streptococcus thermophilus and Staphylococcus epidermidis,
respectively.!24%

The CRISPR/CAS system in terms of immunity and attack
on genetic elements was divided to a three-step process:
adaptation, expression, and interference into two systems,
which include the information processing system and the
system of execution. A data processing system which is highly
protected includes an adaptation phase and an execution
system that includes the expression and interference phases
(Figure 3). This is while the proteins (CAS1 and CAS2)
associated with the information processing system are likely
to be highly protected. These proteins vary widely between
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In the adaptation phase, where the immunity is obtained
by integrating new SPACERs from invasive elements into the
CRISPR bacterial points, a Proto-SPACER with a specific
length of approximately 30 bp, placed on the CRISPR leader
side is created.”'> Each adaptation event is associated with a
protected sequence (DR) and thus creates a new unit.>

The second stage in the immunity of CRISPR/CAS is the
expression by which the initial transcript is produced from
the CRISPR locus, and then the short and mature crRNAs are
processed.’®>* The third stage is interference, during which
crRNAs trigger CAS proteins to decompose a particular
sequence of phage supplemental nucleic acids.'**%*>

Proto-SPACER coded with crRNA, binds CAS9 to target
DNA sequences near the PAMs sequence for decomposition.
The SPACER sequence that is connected to the CRISPR
position is not decomposed because there is no PAM sequence
next to them.?

The CRISPR RNA transcript is processed along with the
CAS proteins and through a mechanism similar to RNA],
which detects and destroys the target DNA sequence (RNAi is
a process that inhibits gene expression by RNA molecules).”

Genome Engineering by CRISPR Sequence

After the scientists understood the ability of CRISPR,
genome engineering was quickly expanded. While mice are
traditionally the most popular model of the organism for
the transgenic testing, CRISPR programs are also shown in
a wide range of cells and living organisms, including human
embryos.” Recently, the ability to reprogram the CAS9
endonuclease using synthetic small RNA guidelines has
altered the genome.***

The CRISPR/CAS II compatible immune system in
prokaryotic cells showed that the guide RNA can help to cut
a certain sequence of DNA. During the studies, two different
types of CRISPR/CAS were designed and it was shown that it
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Figure 3. The CRISPR Adaptive Immune System Features. Step 1: CRISPR adaptation. Protospacers of DNA obtained two strands of a virus or plasmid at the end of the
leader of a CRISPR array in the host DNA. The CRISPR array consists of unique spacers between repetitions. Adaptation occurs by a process that requires minimal CAS
encryption at the CAS locus, which is usually adjacent to the CRISPR array. Step 2: The expression of CRISPR. Pre-crRNA is transcribed by RNA polymerase from the leader
region and is further divided into smaller crRNAs. Step 3: CRISPR interference. crRNA containing a spacer that strongly matches an input nucleic acid (plasmid or virus)
initiates a fission event (indicated by scissors). Cas proteins are needed for this process.?”
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is possible to direct CAS with short RNAs to produce a precise
cleavage in intracellular genomic sites in human and mouse
cells.™

The magic of CRISPR is in its ability for both DNA strands.
The cells should repair dubele-strand breaks (DSBs), which
are the result of CAS decomposition or they are exposed to
death. All of the CRISPR engineering’s is due to the inherent
ability of the cell to repair itself.”*® The CRISPR-II system of
Streptococcus pyogenes was compatible to induce a specific
sequence of DSB and genome re-engineering.*
There are two repair paths, each of which can be used for
engineering: one is NHE] and the second is HDR

Non-homologous End Joining

If the goal is only to disrupt the function of the gene, then no
protein will be produced. As a result, the non-homologous
end joining (NHE]) repair mechanism is used.*

The NHE] is a mechanism for connecting two broken
strings. It is subjected to error and may add or remove
nucleotides in this process. If the number of added or deleted
nucleotides make changes in the gene reading frame, it causes
a framing mutation which may eventually end the function of
the gene.”®*

Homology-Directed Repair

The homology-directed repair (HDR)is a cellular mechanism
that uses a homologous DNA template to eliminate dual
strands in DNA.”” If the objective of the test is to replace the
targeted genetic element with a different sequence in the cell
(e.g. gene insertion, basic redundancy, etc.), HDR can be
used. For this purpose, a homologous DNA model with the
desired sequence with CRISPR components in the cell should
be introduced.”

A certain number of the cells use this mechanism to
repair the broken sequences through the homologous
recombinant sequences, thereby add the desired changes to
the genome. "%

Parvalbumin (PVALB) genomic locus in human and
tyrosine hydroxylase (TH) in mice were tested by precrRNA
and simulated RNAs. The CRISPR/CAS effective changes
were investigated in TH of three mice and PVALB in human.
It was discovered that CRISPR/CAS could widely be used
in modifying different loci in different organisms. For the
effective engineering of the genome, there is a need for a
specific genomic target nucleus with high accuracy and
efficiency. To investigate the modification of a particular RNA
genome, single nucleotide mismatch between the SPACER
and target Proto-SPACER were analyzed in mammals. It was
shown that, the mismatch up to 11 bp in the 5" sequence
of PAM was completely deleted by CAS9, where the target
proto-SPACERs were preserved against mutated SPACER.>*
Currently, CRISPR could be used for the gene engineering in
a wide range of organisms.”

A virus was designed as a carrier of CRISPR components
to the mouse. The virus was infiltrated in the mice, allowing
the CRISPR system to engineer the mutations and create a
model for the human lung cancer.®” The ALK and EML4
genes, which are expressed by CAS9 induction, were inserted

into PX330 plasmid, and after PCR, it was shown that the
sequence between the two transmitted genes, which is a
large area, was also eliminated and this deletion occurred in
the entire cell population of the transmitted genes. A similar
strategy was also modeled for NpmI1-ALk and transferred
to the chromosome, which is commonly seen in large cell
lymphomas. These results indicated that the CRISPR system
can be injected into eukaryotic cells in order to remove,
magnify, and transfer chromosomes.® To target the ALK
and EML4 loci by CAS9 and sgRNA in mice lung, the CAS9
and sgRNA were inserted into the vector and recombinant
adenovirus (Ad-EA) was constructed. The adenovirus vectors
are effective models as they effectively infect the mouse lung
epithelium, but they do not integrate into the host genome.*
Mice embryo fibroblast infection with Ad-EA led to CAS9
and sgRANs expression and rapid production of EmL4-ALk
reverse template. Overall, these results indicated that CRISPR
technology has the ability to reconstitute the oncogenic
chromosomes in mice.®!

Mice with lung cancer were induced by EmL4-ALk. They
showed complete inhibition of molecular and biological
properties of human ALK+NSCLCS like specific sensitivity
to ALK inhibitor. This model offers unique opportunities
to detect molecular mechanisms through which EmL4-ALk
prevents tumor formation. It is suitable for testing the efficacy
of targeted therapies and evaluating in vivo drug resistance
mechanisms.®*¢' The CAS9 can be used for the DNA cutting
in different in vitro and in vivo situations.®*** The CAS9
which acts on single strands, instead of the double strand on
the target DNA site is useful for the genome engendering.?*

With reducing the genetic diversity of plants, the products
are limited and will prevent production for future demand,
thus, there is an urgent need for the effective performance
improvement strategies with new genome engineering
techniques such as the CRISPR/CAS9 system, which can
improve the existing critical performance or produce new and
better products.®

Conclusions

The CRISPR/CAS system is present in the genome of most of
the prokaryotes which act as an immune system against phages
and plasmids. The system is rapidly developing and adapting
to the potential application in genotyping epidemiological
and evolutionary studies, and genomic engineering. By
reprogramming the system using synthetic small guide RNA
strands and the ability of CAS9 to cut different sequences of
DNA in a variety of cells and organisms, it might be possible
to modify the genome by applying changes in the genome of
the eukaryotes using vectors.
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