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Abstract  

Genome engineering is one of the worldwide fast growing field of biotechnology which involves designed programmable 
DNA-binding nucleases such as homing  endonucleases,  zinc finger nucleases (ZFNs), transcriptions activator like effector 
nucleases (TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 (CRISPR-associated 9) 
nucleases. These technologies utilize manipulated nucleases which are the complex of sequence-specific DNA binding 
domains and nonspecific DNA cleavage modules. CRISPR)/Cas9 technology lets scientists accurately cut and paste genes 
into DNA which can be applied to edit the individual gene or even entire chromosomes from an organism at any point in its 
development, become a magical tool due to its simplicity. Here we review the four basic pieces of information on the 
genome editing technologies with their reliability and discuss the applications and their therapeutic potential as well as future 
prospects. 
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1. Introduction 

In 1905, in a letter to his colleague Adam Sedgwick, 
the English biologist William Bateson used the word 
‘genetics’ to designate ‘the science of heredity and 
variation’ (Gayon, 2016). Onwards 1970s, Genome 
Editing (GE) technologies establish a new revolution in 
modern research in genetics or biology. The recent 
advance technology CRISPR/Cas9 technology are used 
systematic interrogation of mammalian function of 
genome (Hsu et al., 2014) (Fig. 1). In life science research, 
genome editing can delete, insert, and modify the DNA 
sequences of cells that enable the function of specific 
genes. The biotechnologies used for gene editing are, (1) 
homing endonucleases or meganucleases), (2) zinc-finger 
nucleases (ZFNs), (3) transcription activator-like effector 
nucleases (TALENs and (4) clustered regularly interspaced 
short palindromic repeats (CRISPR)-CRISPR-associated 
protein 9 (Cas9). Out of these fours, CRISPRCas9 and 
TALENs are new genomic sequences that have driven a 
revolution in genome editing that has accelerated scientific 
breakthroughs and discoveries in multiple practices such 
as synthetic biology, human gene therapy, disease 
modeling, drug discovery, neuroscience, and the 
agricultural sciences (Gaj et al., 2016). 

Figure 1. Applications of Genome Engineering (Hsu et al., 2014) 

2. Homing endonucleases or meganucleases 

Endonuclease enzymes are involved in genomic 
modification, rearrangement, protection, and repair. They 
specify at least nine orders of magnitude, ranging from 
nonspecific degradative enzymes up to a variety of gene-
specific endonucleases, and most specific enzymes are 
called homing endonucleases that produce double-strand 
breaks at individual loci in their host genomes and drive 
site-specific gene conversion events. The first observation 
of homing dates to experiments conducted at the Pasteur 
Institute in the early 1970s, and investigators noted the 
dominant inheritance of a genetic marker, termed ‘omega,’ 
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during yeast mating experiments (mitochondrial genes are 
passed on biparentally in such studies and are thus related 
to Mendelian laws of inheritance). Omega was located 
inside the mitochondrial gene that encodes the large 
ribosomal RNA subunit (LSrRNA) (Bolotin et al., 1971) 
and was inherited about 100% frequency in experimental 
processes of homozygous ‘omega-plus’ and ‘‘omega-
minus’’ yeast strains (Netter et al., 1974). In subsequent 
experiments, omega was found to correspond to an 
intervening sequence (recognized as a self-splicing group I 
intron) (Faye et al., 1979). 

Mega-nuclease two enzyme such as intron 
endonuclease and intein endonuclease. Homing 
endonucleases (meganucleases) are the final member of 
the targeted nuclease family which have been reviewed at 
length elsewhere (Silva et al., 2011; Stoddard, 2014). But 
endonuclease bind  amino acid  present  of the enzymes 
that recognize and cleave long DNA sequence (Figure 2). 

The intron is driven by a site-specific endonuclease 
(now termed I-SceI) that is encoded by an open reading 
frame harbored within the intron sequence (Jacquier and 
Dujon, 1985), which generates a DNA double-strand break 
within a long DNA target sequence in the LSrRNA gene 
that contains the eventual intron insertion site. 
Improvement through homologous recombination using 
the intron containing allele as a corrective template leads 
to a duplication of the intron and its endonuclease gene 
into the target site (Figure 3). Homing is a process in 
which microbial self-splicing intervening sequences group 
I or group II introns or inteins are specifically duplicated 
into recipient alleles of their host gene that lack such a 
sequence (Chevalier and Stoddard, 2001). 

Families and Structures of homing endonucleases are 
universal and are found in microbes from all biological 
kingdoms, corresponding phage and viruses. Despite the 
closeness and the frequent symbiotic relationship between 
multicellular eukaryotes and various microbial species, no 
examples have been reported of homing endonuclease 
genes within genomes of those more complex organisms. 
There are five different families of homing endonucleases 
recognized and initially associated with a specific 
biological host range (Stoddard, 2005).  

3. Zinc-finger nucleases (ZFNs) 

The recent advancements in genome editing include 
site-specific nucleases, usage of which for genome editing 
began with the arrival of zinc-finger nucleases (ZFNs) in 
2002. The ZFNs were the first specific protein reagents 
that revolutionized the field of genome manipulation. 
ZFNs are DNA binding domains and specifically 
recognize three base pairs at the target site (Rai et al., 
2019).ZFNs are formed by the combination between Cys2-
His2 zinc-finger protein and the cleavage domain of the 
FokI restriction endonuclease (Kim et al. 1996) that are the 
first targeted gene to achieve universal use (Urnov et al., 
2010).ZFNs behaves as dimers, with each monomer 
observing a specific “half site” sequence typically nine to 
18 base pairs (bps) of DNA via the zinc-finger DNA-
binding domain (Fig. 2).  

The FokI cleavage domain regulates the dimerization 
of ZFN which cuts DNA within a five to seven-bp spacer 
sequence that separates two flanking zinc-finger binding 
sites (Smith et al., 2000). Primarily, each ZFN is made up 

of three or four zinc-finger domains, with each individual 
domain composed of 30 amino acid residues that are 
organized in a bba (beta beta alpha) motif (Pavletich and 
Pabo, 1991). The residues that facilitate DNA recognition 
are located within the a-helical domain and typically 
interact with three bps of DNA, with occasional overlap 
from an adjacent domain (Wolfe et al., 2000). Using 
methods such as phage display (Wu et al., 1995), a large 
number of zinc finger domains recognizing distinct DNA 
triplets have been identified (Dreier et al., 2005). These 
domains can be merged in tandem using a canonical linker 
peptide to produce polydactyl zinc-finger proteins that can 
target a wide range of possible DNA sequences (Kim et 
al., 2009). Besides this “modular assembly” approach to 
zinc-finger construction, selection-based methods for 
constructing zinc-finger proteins have also been reported 
(Magnenat et al., 2004), including those that consider 
context-dependent interactions between adjacent zinc-
finger domains, such as oligomerized pool engineering 
(OPEN) (Maeder et al., 2008). Moreover, particular sets of 
validated two-finger, zinc-finger modules have been used 
to gather zinc finger arrays (Kim et al., 2009; Bhakta et 
al., 2013), including those which take context-dependent 
effects into account (Gupta et al., 2012). 

Figure 2. Genome editing technologies. Cartoons showing the 
mechanisms of targeted nucleases. From top: homing 
endonucleases, zinc-finger nucleases (ZFNs), transcription 
activator-like effector (TALE) nucleases (TALENs), and clustered 
regularly interspaced short palindromic repeats (CRISPR)-
CRISPR-associated protein 9 (Cas9). Homing endonucleases 
cleave their DNA substrates as dimers, and do not have distinct 
binding and cleavage domains. ZFNs observe target sites that 
consist of two zinc-finger binding sites that flank a 5- to 7-base 
pair (bp) spacer sequence recognized by the FokI cleavage 
domain. TALENs notice target sites that consist of two TALE 
DNA-binding sites that flank a 12- to 20-bp spacer sequence 
recognized by the FokI cleavage domain. The Cas9 nuclease is 
targeted to DNA sequences complementary to the targeting 
sequence within the single guide RNA (gRNA) located instantly 
upstream of a compatible proto-spacer adjacent motif (PAM). 
DNA and protein are not peaked to scale (Gaj et al., 2016). 
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Figure 3. Homing Endonucleases and Genetic Homing (A) Motile 
element with a homing endonuclease gene (red bar) which is 
attached within a self-splicing intron or intein (blue bars) resides 
within a host gene (gray bars). The homing endonuclease (red 
star) is expressed and cleaves a target site (green bar) which is 
found in a homologous allele of the host gene lacking the entire 
element. The arising double-strand break is repaired by cellular 
machinery, generally leading either to repair via non-homologous 
end-joining (not shown) or via homologous recombination (HR). 
If HR successfully uses the intron containing host allele (I+) as a 
corrective template, then the original uninterrupted allele (intron-
minus [I-]) is converted to an allele that now contains the intron 
and homing endonuclease gene (intron-plus [I+]). (B) Properties 
homing endonuclease introduced for gene expression. Based  on 
the presence or absence (as well as the sequence)of a corrective 
DNA template for break repair, and on the catalytic properties of 
the endonuclease, such applications can lead to mutation, 
knockout, modification, or insertion of exogenous coding DNA 
into the gene target (Stoddard, 2011). 

The use of ZFNs for gene editing (in addition to all 
targeted nucleases) is off-target mutations (Gabriel et al., 
2011). Therefore, several approaches have been 
undertaken to increase their specificity. For creation of 
obligate heterodimer ZFNs engineering depends upon the 
Charge-Charge repulsion for prevent the unwanted 
homodimof the FokI cleavage domain (Doyon et al., 
2011), although the minimizing potential for ZFNs to 
dimerize at off-target sites. The methods of protein 
engineering have also been used to boost the cleavage 
efficiency of the FokI cleavage domain (Guo et al., 2010). 
The major approach for improving ZFN specificity is to 
pass them into cells as protein. Due to the peculiar cell-
penetrating activity of zinc-finger domains (Gaj et 
al.,2014), ZFN proteins are naturally cell-permeable and 
can facilitate the gene editing with fewer off-target effects 
when tested upon the cells as refined protein compared to 
when expressed within cells from nucleic acids (Gaj et al., 
2012). Afterwards, converted ZFN proteins equipped with 
enhanced cell-penetrating activity have been described 
(Liu et al., 2015). 

4. Transcription activator-like effector nucleases 
(TALENs)  

Transcription activator-like effector nucleases 
(TALENs) are restriction enzymes or restrictase which can 
be applied to cut specific sequence of DNA. TALENs 
provide precise insertion, deletion, or substitutions of 

specific genes alter the genome. TALENs possess a 
designed TALE domain that mimics the natural 
transcription activator-like effector proteins and a nuclease 
that can cleave DNA in cells. TALENs have emerged as a 
magical genome editing tools in numerous species and cell 
types. 

4.1. TALE Nucleases 

 TALE proteins are bacterial effectors. The code used 
by TALE proteins to recognize DNA was discovered in 
2009 (Boch et al., 2009). Sooner, this discovery approved 
the creation of custom TALENs capable of modifying 
nearly any gene. ZFNs and TALENs are flexible in shape 
and function, comprised of an amino-terminal TALE 
DNA-binding domain fused to a carboxy- terminal FokI 
cleavage domain (Christian et al., 2010; Miller et al., 
2011). Dimerization of TALEN proteins is mediated by 
the FokI cleavage domain like ZFNs which cuts within a 
12- to 19-bp spacer sequence that separates each TALE 
binding site (Fig. 2) (Miller et al., 2011). TALEs are 
gathered to recognize between 12- to 20-bps of DNA, with 
more bases typically leading to higher genome-editing 
specificity (Guilinger et al., 2014). The TALE binding 
domain consists of a series of repeat domains, each 34 
residues in length. All repeat touches DNA via the amino 
acid residues at positions 12 and 13, known as the repeat 
variable diresidues (RVDs) (Boch et al., 2009). 

Unalike zinc fingers, that verify DNA triplets, each 
TALE repeat recognizes only a single bp, with little to no 
target site overlap from adjacent domains (Mak et al., 
2012). The most generally used RVDs for assembling 
synthetic TALE arrays are: NI for adenine, HD for 
cytosine, NG for thymine, and NN or HN for guanine or 
adenine (Streubel et al., 2012). TALE DNA-binding 
domains can be composed using a different method, with 
the most straightforward approach being Golden Gate 
assembly (Cermak et al., 2011). TALE assembly methods 
have also been developed, including FLASH assembly 
(Reyon et al., 2012), iterative capped assembly (Briggs et 
al. 2012), and association independent cloning (Schmid-
Burgk et al., 2013). Transformation in TALEN assembly 
have focused on the improvement of methods that can 
promote their performance, including specificity profiling 
to uncover nonconventional RVDs that improve TALEN 
activity (Miller et al., 2015), directed evolution as means 
to refine TALE specificity (Hubbard et al., 2015), and 
even combining TALE domains to homing endonuclease 
differing to produce chimeric nucleases with extended 
targeting specificity (Boissel et al., 2014). 

TALENs proposes two distinct advantages for genome 
editing compared to ZFNs; first , no directed evolution is 
necessary to engineer TALE arrays, reducing the amount 
of time and practice needed to assemble a functional 
nuclease, whereas, second, TALENs have been reported to 
show upgraded specificity and minimized toxicity 
compared to some ZFNs (Mussolino et al., 2014) because 
of their increased closeness for target DNA (Meckler et 
al., 2013) or perhaps a greater energetic penalty for 
associating with base mismatches. However, TALENs are 
substantially larger than ZFNs, and have a highly 
repetitive structure, making their energetic delivery into 
cells through the use of lentivirus (Holkers et al., 2012) or 
a single adenoassociated virus (AAV) challenged the 
single particle. Approach for reducing the limitations has 
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emerged as TALENs can be easily brought into cells as 
mRNA (Mahiny et al., 2015) and even protein (Cai et al., 
2014), even though other codon usage and amino acid 
deterioration can also be influenced to precise RVD arrays 
that might be less susceptible to recombination (Kim et al., 
2013). Adenoviral vectors are also useful for mediating 
TALEN delivery to hard-to-transfect cell types (Maggio et 
al., 2016). 

5. CRISPR-Cas9 

The discovery of CASPR-Cas9 technique dates back to 
1987 identified by Atsuo Nakata and colleagues, who 
discovered a peculiar locus in Escherichia coli K12 strain 
with five identical sequences of 29 nucleotides spaced by 
32 nucleotides downstream of the iap gene (Ishino et al., 
1987).The notable characteristics of repeating spacers and 
direct repeats make  CRISPRs easily noticeable in long 
sequences of DNA, as the number of repeats decreases the 
likelihood of a false positive match (Sorek et al., 2008). In 
biological research, CRISPR is becoming an indispensable 
tool. The programmable capacity of the Cas9 enzyme is 
now revolutionizing different fields of medicine, 
biotechnology, and agriculture. The CRISPR-Cas based 
genome editing approach has become a choice of 
technique and magical tool due to its simplicity, ease of 
access, cost, and flexibility whereas previous methods 
were difficult and expensive to design (Doudna and 
Charpentier, 2014).  

It has brought a revolution in life sciences since their 
development as an experimental tool in 2012. The 
technology depends on the formation of sequences called 
as spacers in the CRISPR region of the host genome. 
Spacer sequences are identical to sections of invading 
foreign nucleic acids, commonly from phases. These 
spacers regions are transcribed into noncoding CRISPR-
RNA (crRNA), which acts as guide to direct an effort 
nuclease to make targeted cuts in invading genetic 
material. The desired cleavage of invading DNA prevents 
expression of viral elements, which prevents successful 
infection of the bacterium. In Streptococcus pyogenes, 
CRISPR-II system requires only one effector protein, 
Cas9, which can be targeted to make a double-stranded 
break in DNA at a specific nucleotide sequence (Jinek et 
al., 2012). CRISPR-associated protein 9 (Cas9) genes are 
present in approximately 40% bacterial species such as 
Streptococcus pyogenes, Staphylococcus aureus, Neisseria 
meningitides, Staphylococcus epidermidis, Streptococcus 
mutans, Streptococcus thermophilus, Escherichia coli, 
Corynebacterium diptheriae and around 90% archeal 
species such as Sulfolobussolfataricus, 
Methanocaldococcus jannaschii, Methanothermobacter 
thermoautotrophicum, Pyrococcusfuriosus, Haloferax 
mediterranei, Archaeoglobus fulgidus (Horvath and 
Barrangou, 2010). CRISPR/Cas9 technology is doing  
boast of a promising future due to transformed and 
metamorphosed for potential modify and regulate the 
prokaryotic and eukaryotic genomes (Das and Paudel, 
2020). 

5.1. Mechanism of CRISPR-Cas9 system 

The main function of CRISPR-Cas9 system is to make 
a double-stranded break into the target DNA where a new 
gene of interest can be manipulated. In comparison to 
random mutagenesis like radiation, ethyl methane 
suffocate (EMS), Zinc finger nucleases (ZFNs) and 
Transcription activator like effector nucleases (TALENs) 
genome editing by targeting, CRISPR-Cas9 is more 
precise and efficient at a specific site. CRISPR-Cas9 
possesses specificity towards a particular sequence 
because of Cas9 protein’s unique structural conformation 
(Figure 4) (Song et al., 2016) and a restricted core, nucleic 
acid sites and is a bi-lobed structure protein. The nucleic 
acid sites form recognition (REC) lobe connected with 
nuclease (NUC) lobe by helix bridge (Doudna and 
Charpentier, 2014). Cas9 was statically analyzed to be 
multifaceted crystal structured protein having two nuclease 
domains that protect the organism (first found in 
Staphylococcus aureus) from infection by cleaving the 
assaulting genome from phage and viruses (Stemberg et 
al., 2014).The Cas9 protein manifested from the host’s 
genomic sequence goals and splits DNA in natural as well 
as the artificial system of CRISPR-Cas. Cas9 protein is 
synthesized  by the combination of six domains: 
recognizing domain-1 (REC-I), REC-II, Protospacers 
adjacent motif(PAM) sequence, RuvC, Bridge helix and a 
conserved amino acid sequence of His-Asn-His (HNH). 
The REC-I, PAM, bridge helix, nuclease domains (RuvC 
and HNH) acts as binding to guide RNA, initiating binding 
of DNA, initiating cleavage on target DNA, cleaving the 
DNA (HNH cleaving complementary and RuvC cleaving 
non-complementary strand), respectively (Sternberg et al., 
2014). Cas9 becomes excited when bound to SgRNA, i.e. 
Single guide RNA at REC lobe and conversion of Cas9 
into DNA nickase occurs if nucleases get mutated (Ran et 
al., 2013). Many other different Cas protein including 
Cas9 inside the host bind to genomic DNA (those having 
CRISPR sequence), which makes this system so versatile. 
The total functioning Cas protein has a similar mechanism 
mediated by RNA, therefore called sgRNA mechanism 
(Wang et al., 2016). 

 
In this figure, the steps are 1: The entry of foreign DNA 

into the bacterial cell, step 2: Detection of the foreign 
DNA and activation of bacterial genome, step 3: Fusion of 
pre-crRNA, step 4: Ligation of pre-crRNA and trans 
activating crRNA (tracrRNA) to form the guide RNA, step 
5: Binding of inactive Cas9 protein with guide RNA to 
form Active Cas9 complex, step 6: Detection and binding 
of Cas9 complex with foreign DNA, step 7: Fragmentation 
and lysis of foreign DNA. Step A: illustrate the isolation of 
activated guide RNA-Cas9 complex, Step B: Insertion of 
target gene sequence and activated guide RNA-Cas9 
complex into a suitable vector, Step C: Fragmentation of 
DNA or at specific locus, Step D: Genome editing with 
Non-Homologous End Joining (NHEJ) method, Step E: 
Involvement of homologous pair and Homology Directed 
Repair (HDR) method of gene editing (Mohanty et al., 
2019). 



 © 2021 Jordan Journal of Biological Sciences. All rights reserved - Volume 14, Number 3 507 

Figure 4. Mechanism of CRISPR-Cas9 system with its uses (Mohanty et al., 2019) 

5.2. Cas Variants and Other Nucleases for Plant 
Genome Editing 

Streptococcus pyogenes (SpCas9) variant carrying 
random mutation in to the domain HNH and RuvC which 
identified that increased the editing efficiency. Cas9 can be 
modified into a nickase, capable of producing a single 
strand cleavage by mutating either the HNH or the RuvC-
like domain (Xie et al., 2014). Cas9 can also be changed 
into a DNA binding protein, dead Cas9 (dCas9) by 
mutating both the domains (dCas9; Asp10 →Ala, His840 
→Ala). The SpCas9 uses a 5’-NGG-3’ protospacer 
adjacent motif (PAM), and even though 5’-NGG-3’ 
sequence takes place approximately 5–10 times in every 
100 bp in model plant species (Xie et al., 2014). The PAM 
requirement is still a hold up for the Cas9 targetable sites. 
To get the better of this issue, many Cas9 variants and 
Cas9 orthologs with various PAM preferences have been 
applied to get the same results as the wild type 
CRISPR/Cas9 system. One of that system is CRISPR from 
Prevotella and Francisella (Cpf1) that is recently cited as 
Cas12a is a nuclease of class II type V and lacks the HNH 
domain, possessing only the RuvC-like domain naturally. 

Cpf1 yields break sites with staggered cuts rather than 
blunt ends as Cas9 (Zetsche et al., 2015). Cpf1 requires a 
T rich PAM that increases the number of possible plant 
genetic manipulations and a shorter crRNA than Cas9 
(Stella et al., 2017). However, short crRNAs raise the 
possibility of having a secondary structure in the RNA. 
Cpf1 edited lines need accurate genomic evaluation as 
Cpf1 has been shown to cause genomic rearrangements in 
regions surrounding the target sites (Bernabé et al., 2019).  

Nonetheless, Cpf1 has already been used in many plant 
species such as rice (Begemann et al., 2017; Tang et al., 
2018) and Arabidopsis (Tang et al., 2017) and offers a 
great alternative to Cas9 and a wider range of targetable 
genes in addition to the ones offered by Cas9. Recently, a 
new class II system encoding a miniature (529 amino 
acids) effector, Cas14a1, has been identified. (Karvelis et 
al., 2019). This Cas variant functions as a PAM-
independent single stranded DNA nuclease. Many more 
Cas variants and orthologs are being discovered 
(Makarova et al., 2015) and exploited for gene editing 
purposes since the CRISPR/Cas system is a general 
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immune system present in bacteria and archaea for 
protection against bacteriophages. 

Generally, CRISPR/Cas9 technology can be applied to 
target multiple genes (or multiple sites within a gene) to 
generate small or large deletions in the genome and 
provide practical applications in basic and applied 
biological research. There are two approaches that have 
been used for expressing multiple gRNA. First, each 
gRNA is expressed with an individual promoter, and 
second multiple gRNAs expressed by one promoter as a 
single transcript which is further processed to release 
individual gRNAs (Minkenberg et al., 2017).  

Transfer-RNAs (tRNAs) are the basic cellular 
components found in all organisms, and the production 
and processing are guided by RNA-processing systems. 
With this concept, Xie et al (2015) developed an 
endogenous RNA-processing system to obtain multiple 
gRNA from a single transcript (Figure 5). According to 
them, a synthesized DNA fragment having tRNA–gRNAin 
a tandemly arrayed fashion can be processed into gRNAs 
having the desired 50 targeting sequences, which 
accurately directed Cas9 protein for editing multiple 
chromosomal targets. The tRNA-processing system 
includes RNaseZ and RNaseP, inherently present in a cell, 
precisely cleaves 50 and 30 ends of the tRNAs, thereby 
releasing individual gRNAs. By the application of this 
approach in rice plants, stably inherited mutations were 
easily achieved with up to 100% efficiency, and since 
tRNA processing machinery is nearly conserved in all the 
organisms, similar efficiency in mutation can be justified 
in a variety of organisms. The tRNA-based multiple target 
editing system is preferred over other methods due to 
several advantages, including the specificity of RNaseP 
and RNaseZ for tRNA. Only D-loop arm, acceptor stem 
and T C-loop arm of tRNA are compulsory for the 
detection by RNase (Osakabe et al., 2010). The tRNAs 
also contain an internal Pol III promoter site; therefore, 
tRNA sequences can also bestrike into as an enhancer 
system for Pol III. 

In case, to explore the synthetic poly-tRNA-
gRNA(PTG) DNA fragment would be transcribed, 
processed, and function as anticipated, they manufacture 
PTG with the structures, tRNA-gRNA (PTG1 and PTG2) 
or tRNA-gRNA-tRNA (PTG1.1 and PTG2.1), and as a 
proof, the qRT-PCR analysis declared that the level of 
PTG was 3 to 31 times higher than the simple sgRNA in 
rice protoplasts. Furthermore, the full tRNA-gRNA 
transcripts were not noticed by qRT-PCR, further 
confirming the efficient cleavage of gRNAs from the 
tRNA-gRNA transcripts by the tRNA processing system 
(Figure 3). The Pol III promoters (e.g., U3p) transcribe the 
PTGs as the SgRNA genes but, PTGs are not obligated to 
begin with a specific nucleotide as is the case with 
SgRNAs. Therefore, the vectors used in CRISPR/Cas9 for 
the expression of SgRNAs can be used accurately to 
manifest PTGs for the multiplexing approach (Figure 5). 

The PTG technology can also be practiced for the 
enhancement of induction of mutations simultaneously in 
multiple genomic loci, or for deletion of short fragments of 
chromosomes. For example, PTG could be used with Cas9 
nickase to increase targeting fidelity (Petolino et al., 2010) 
or with dCas9 transcriptional activator or repressor to 
manipulate multiple gene expression (Shukla et al., 2009). 

Figure 5. Multigene targeting via CRISPR/Cas9 using PTG/Cas9 
method. (A) A eukaryotic pre-tRNAwith a depiction of post-
transcriptional processing by RNaseP and RNaseZ (depicted as 
blue and red arrows respectively), splicing out 50 leader and 30 
trailer respectively. (B) Each gRNA with target-specific sequence 
(labeled here as circles of different colors) and conserved gRNA 
sequence (blank rectangle) is fused to a tRNA coding sequence 
(rectangles with boxes), that is cleaved after transcription by 
RNaseP and RNaseZ to release mature tRNAs and gRNAs (with 
lines of same colors as the circles). These processed gRNAs direct 
Cas9 to the target site, which then causes a double-strand break 
(DSB) repaired by NHEJ or Homologous recombination (HR) 
(Vats et al., 2019). 

6. Conclusion 

Many attractive features such as simplicity, efficiency, 
high specificity and amenability to multiplexing, gene 
editing technologies transforming the way for the next 
generation breeding. CRISPR/Cas based genome editing 
system emerged as an evolution in recent years due to its 
enormous potential to make targeted modifications in the 
genome and also for versatile diagnostic purposes. Many 
advancements such as DNA free genome editing systems 
(RNPs), multiple Cas9 variants, many multi-gene targeting 
approaches, precise base editing, and measures to increase 
the frequency of HDR have been achieved very soon. 
However, crop breeders still need to make significant 
efforts to implement technological advances in crop 
improvement programs.  

Different from zinc-finger nucleases (ZFNs) and 
transcription activator like effector nucleases (TALENs), 
CRISPR/Cas9 takes benefit of an RNA-guided DNA 
endonuclease enzyme, Cas9, which can generate double-
strand breaks (DSBs) at specific genomic locations. It 
activates cellular endogenous DNA repair pathways, 
contributing to the generation of desired modifications in 
the genome. The capacity of the system has opened up a 
new pathway in the understanding of amyotrophic lateral 
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sclerosis (ALS) pathogenesis and the development of new 
therapeutic approaches.  
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