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Abstract
Genome-editing technology has enabled scientists to make changes in model organisms’ DNA at the genomic level to get 
biotechnologically important products from them. Most commonly employed technologies for this purpose are transcription 
activator like effector nucleases (TALENs), homing-endonucleases or meganucleases, zinc finger nucleases (ZFNs), and 
clustered regularly interspaced short palindromic repeats (CRISPR) associated protein 9 (Cas9). Among these tools, CRISPR/
Cas9 is most preferred because it's easy to use, has a small mutation rate, has great effectiveness, low cost of development, and 
decreased rate of advancement. CRISPR/Cas9 has a lot of applications in plants, animals, humans, and microbes. It also has 
applications in many fields such as horticulture, cancer, food biotechnology, and targeted human genome treatments. CRISPR 
technology has shown great potential for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic to pro-
vide early and easy detection methods, possible treatment, and vaccine development. In the present review, genome-editing 
tools with their basic assembly and features have been discussed. Exceptional notice has been paid to CRISPR technology 
on basis of its structure and significant applications in humans, plants, animals, and microbes such as bacteria, viruses, and 
fungi. The review has also shed a little light on current CRISPR challenges and future perspectives.
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Introduction

Paul Berg’s work on recombinant DNA technology in the 
1970s laid the foundation for a new era of science. These 
advancements enabled scientists to make changes in model 
organisms’ DNA to get biotechnologically important prod-
ucts from them [1, 2]. In Recombinant DNA technology, 
insertions, deletions, and other such specific changes are 
made into the DNA to get desired end product [3]. For a 
long time, genome-editing procedures were mostly limited 
to some specific organisms such as the study of homolo-
gous recombination in mice and yeast. The use of targeted 
genome editing in living organisms was a turning point in 
the  biological world [1, 4]. In the last 10 years, much pro-
gress has been made in genome-editing technology [5]. In 
the present review, diverse genome-editing tools with their 
basic assembly and features have been discussed. Excep-
tional notice has  been paid to clustered regularly interspaced 
short palindromic repeats (CRISPR) technology on the 
basis of its structure and significant applications in humans, 
plants, animals, and microbes such as bacteria, viruses, 
and fungi. The review has also shed a little light on current 
CRISPR challenges and future perspectives.

Modern Targeted Genome‑Editing Technologies

Genome-editing-tools has enabled scientists to make 
changes in their choice of organisms at the genomic level. 
Most commonly employed technologies for this purpose 
are transcription activator like effector nucleases (TAL-
ENs), homing-endonucleases or meganucleases, zinc finger 
nucleases (ZFNs), and clustered regularly interspaced short 
palindromic repeats (CRISPR) CRISPR associated protein 
9 (Cas9) [6].

ZFNs

These artificially made restriction enzymes are the most 
generally utilized endonucleases. They have zinc finger pro-
teins known as ZFPs, which also act as transcription factors 
in eukaryotes, and work as DNA binding domains. ZFNs 
additionally have nucleotide cleavage area (Folk1) derived 
from F. okeanokoites. Based on the target side, the cleavage 
domain is usually surrounded by 4–6 zinc finger proteins. 
For efficient gene editing at the target site, ZFPs have a tar-
get specificity of 18 base pair (bp). A typical, ZFP is 30 
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amino acids in length with an alpha-helix structure that is 
opposite to two antiparallel β-sheets. This technology uses 
Homology-directed-repair or Homologous-recombination 
and non-homologous end joining repair mechanism, for 
successful gene editing in prokaryotes and eukaryotes [7]. 
In 1996, the first report on ZFNs was published, and since 
then they are continuously being used in many organisms. 

The examples included are gene modifications in maize for 
herbicide resistance and direct endogenous gene inactiva-
tion in Arabidopsis. ZFNs have many benefits over other 
gene-editing technologies in terms of their effectiveness, 
target specificity, and a low number of non-target effects, 
etc. (Fig. 1) [2].

Fig. 1   General assembly of major genome-editing technologies. (a) 
Homing endonuclease, target DNA as homo-dimers without having 
any clear-cut DNA binding and cleavage domains. (b) Zinc finger 
nucleases (ZFMs) have a Zinc finger DNA binding domain and Fok1-
cleavage-domains. (c) Transcription activator like effector Nucleases 
(TALENs) have also similar domains in it like ZFNs (d) Clustered 

regularly interspaced short palindromic repeats (CRISPR) and asso-
ciated protein9 (Cas9), is consists of Cas9 nuclease, a single guide 
RNA (sgRNA) which is located upstream to PAM (Proto spacer-adja-
cent-motifs). Single guide RNA (sgRNA) guides Cas9 to select DNA 
sequences that are relatively complementary to the target (Proteins 
and DNA are not drawn exactly to scale) [6].
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TALENs

TALE (transcription activator like effector) proteins which 
have been originated from the Xanthomonas bacteria’s gene. 
These TALE proteins are capable of binding with very short 
sequences (up to 1–2 nucleotides long) due to carrying tan-
dem repeats of 34 amino acids. TALE proteins can bind to 
plant promoters with the help of 34 amino acids tandem 
repeats, this role of TALE proteins gives birth to TALENs 
gene-editing technology [7, 8]. TALENs also have two 
domains just like ZFNs, one for the DNA cleavage target 
site and the other works as a DNA binding domain. This 
domain system is what makes this technique a powerful tool 
for gene editing in many eukaryotes such as rats, zebra fish, 
chicken, frogs, some mammalian cells, arabidopsis, tomato, 
wheat, rice, and potato [7, 9].

Homing Endonucleases or Meganucleases

Homing endonucleases, a monomer, are enzymes that belong 
to the family of the LAGLIDADG group of endonucleases. 
They are named due to conserved amino acid sequences 
present in them. This enzyme cut DNA into 14–40 bp after 
recognizing it. Homing endonucleases are extremely target-
specific and only interact with their target DNA. Nonethe-
less, homing endonucleases' binding and cleavage domains 
are not similar to TALENs and ZFNs [10]. This ultimately 
limited their use for quality genome-editing. Recently, Mega 
TALs (made by joining of TALE-binding domains and a 
rare homing endonuclease) are reported for their high target 
specificity in gene editing. They have applications in tumor 

and HIV treatment therapies where TALENs have made it 
possible to integrate anti-tumor and anti-HIV factors into 
the host’s CCR5 gene (in this case human) present in pri-
mary T cells and hematopoietic stem cells [10]. In a study, 
T cells have shown promise for improved immune-therapies 
after gene modification study in endogenous T-cell receptor-
components [6].

CRISPR Associated Protein 9 (Cas9)

After 10 years of research on acquired immunity mecha-
nisms in bacteria, scientists discovered the CRISPR system, 
which is present in all bacteria and archaea [1]. In 1987, 
CRISPR sequences were first seen while contemplating the 
lap enzyme in Escherichia coli [1]. Scientists also found 
that CRISPR repetitive sequences work actually work as 
a mechanism of immunity in bacteria and have originally 
been derived from plasmids and bacteriophages (Table 1) 
[11]. In 1987, with the accidental discovery in E. coli, sci-
entists started looking for these sequences in other similar 
organisms such as Salmonella, Shigella and Mycobacterium 
tuberculosis. Initially, it was thought that CRISPR work in 
genotyping, whereas their actual role was revealed after 
the discovery of Cas proteins and with the advancement in 
recombinant DNA technology. In 2012, it was also identified 
as a gene-editing tool after the documentation of its DNA 
cleaving abilities [16].

Table 1   A brief comparison of genome-editing technologies

Functions ZFNs TALENs Meganucleases CRISPR-Cas9 References

Origin Eukaryotes Bacteria Bacteria/plant/animal Bacteria/archaea [12]
Structure Dimer Dimer Dimer Monomer [12]
Modification pattern Foki nuclease Foki nuclease Endonuclease Cas 9 nuclease [12]
Target recognition 

efficiency
Low Higher Relatively low Highest [13, 14]

Recognition location Typically, 9–18 bp per 
monomer, 18–36 bp 
per pair

Typically, 14–20 bp per 
monomer, 28–40 bp 
per pair

Between 14 and 40 bp Typically, 20 bp guide 
sequence + PAM 
sequence

[15]

Rate of mutation High Middle Middle Low [13]
Cloning Needed Needed Not needed Not needed [13]
Difficulties of engineer-

ing
Protein engineering is 

required
Molecular cloning meth-

ods are needed
Protein engineering is 

needed
Using simple cloning 

methods and oligo 
synthesis

[5, 15]

Difficulties of in vivo 
delivery

Easy, small size expres-
sion systems needed 
for viral vectors

Difficult for requiring 
large size components

Easy, small size expres-
sion systems needed 
for viral vectors

Use spcas (with large 
size, viral vectors, 
i.e., AAV may suffer 
packaging harms

[5, 15]

Cost of development High Higher High Low [13]
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CRISPR Structure

Structurally, it has Cas9 helicase which can bind to 
RNA transcribed using palindromic repeats of host 
DNA and slice RNA-spacers matched foreign DNA. In 
this arrangement, trans-activating CRISPR-RNA (tracr-
RNA) is named for the transcript of palindromic repeats 
of DNA while the spacers’ transcript is known as crRNA 
(CRISPR-RNA). The trans-activating CRISPR-RNA and 
crRNA form an individual solitary-guide-RNA (sgRNA) 
that can direct Cas9 to locate target DNA and cleave it, 
producing a double stranded DNA break (DSB) at PAMs 
(Proto spacer-adjacent-motifs) area. PAMs are small pro-
tein motifs of 3-6 bp residing in the foreign DNA and are 
recognized by Cas proteins [16].

There are two functioning domains in Cas9-nuclease 
for DNA cleavage, i.e., HNH (histidine asparagine histi-
dine) as well as RuvC. The HNH domain cuts target DNA 
at the site where sgRNA base pairs with targeted DNA, 
however, the non-targeted strand is cleaved by domain 
RuvC [11]. DSB is repaired either by non-homologous 
end joining (NHEJ) method (with no template) or by 
homology-directed repair (HDR) method, where a tem-
plate DNA is provided. If this DNA will come to the 
cell, homology arms flanking the locus focused by Cas9, 
and utilized as a template. NHEJ repair mechanism adds 
insertion, deletion, and substitution in target DNA. But in 
the case of homology-directed repair (HDR), donor DNA 
is used as a template, and thus desired DNA sequence 
is added here [11, 17]. However, NHEJ method is used 
more commonly as it is more efficient. Many factors 

play their role in making NHEJ more efficient such as 
cell cycle stage, cell type, type of CRISPR/Cas system 
used, donor DNA template, DNA concentration, type of 
delivery approach used, and length of the homologous 
arms [16]. CRISPR/Cas9 is not only a gene-editing tool 
but also has other important functions. For instance, any 
mutation in two nuclease domains of Cas9 will inactivate 
Cas9 (dCas9), a protein important for locus-specific DNA 
binding. This dCas9 protein helps regulate gene expres-
sion by binding to a transcription activator or repressor 
domain [11].

CRISPR/Cas Framework Classification

CRISPR framework has two major classes and six sig-
nificant types [18]. Class 1 and 2 both use protein effector 
complexes, the only difference is that while Class1 uses a 
multi-protein complex, Class 2 uses a single protein com-
plex. Class 1 is additionally separated into various kinds I, 
III, and IV, while class 2 incorporates types II, V, and VI. It 
can likewise be separated into 19 diverse sub-types, and it 
is probably going to keep on extending as new CRISPR/Cas 
frameworks are continuously being discovered [19]. Numer-
ous Cas-proteins included in Type I and III CRISPR loci 
form a complex with crRNA. These complexes are essential 
for target nucleic acid recognition and destruction [1]. There 
are very few Cas proteins in the type II systems, amid these 
kinds, the class 2 type II CRISPR/Cas 9 framework is the 
most well-developed and well-studied gene-editing tool [18]. 

Fig. 2   A brief account of some major advantages and limitations of CRISPR/Cas9 technology
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Some of the major advantages and challenges of the CRISPR 
genome-editing tool (Fig. 2) [4, 20, 21].

Latest CRISPR Systems

With continuous research in the CRISPR gene-editing sys-
tems, new CRISPR tools are being discovered such as type 
II Cas9 ortholog and Nm2Cas9 which are currently being 
studied as an alternative for genetic engineering and gene 
therapy. Similarly, Cas12a orthologs have shown promise in 
human gene editing. BhCas12b is another powerful CRISPR 
tool showing potential in gene editing. Other than the cur-
rently available CRISPR sub-types, sub-types such as Cas 
(12 h), Cas (12i), and Cas (12 g) have been identified from 
metagenome and are included in the type-V CRISPR system 
[22]. Some sub-types can be used in in vitro as programma-
ble endonuclease to cut ssDNA, dsDNA, ssRNA, or dsRNA. 
Cas X, designated Cas12e, is found to be effective for gene 
editing in human cells. In addition to this, Cas14, part of the 
Cas12f family, is also a human gene-editing tool but it has 
low efficiency [18]. Class 1 CRISPR system has used many 
strategies such as native nuclease effector or fused FokI 
domain for DNA cleavage, compared to the Class 2 CRISPR 
system [23–25]. Previously, a few individuals from (type I 
F) frameworks were proposed as an editing tool for targeted 
DNA modification [26]. All this work on CRISPR and its 
frameworks urges biologists to explore more into this field 
and develop more human-friendly technologies (Table 2).

Recent Eminent Applications of CRISPR 
Technology

CRISPR applications have not only grown very quickly but 
have also revolutionized life sciences [22]. At present, this 
technology is being used in different fields of science such 
as horticulture, food biotechnology, medicine, cancer, and 
targeted human genome treatments [39].

In Humans

Role in Biotherapy

Correction or replacement of faulty or undesirable genes in 
/from a cell can be done through gene therapy. Usually, gene 
therapy refers to humans, although it can be done in plants 
and animals equally. Lots of diseases in humans are due 
to genetic defects either through gene mutation which may 
result in over, under, or no expression of the genes. Such 
conditions result in genetic disorders which cannot be cured 
through medication and their best treatment option is gene 
therapy. Hence gene therapy has gotten a lot of attention 

from the scientific community and pharmaceutical com-
panies since its first discovery in the later 1980s and early 
1990s [40, 41]. Gene therapy can be categorized into two 
types; ex vivo and in vivo gene therapy.

Ex vivo gene therapy: Genetic diseases of hematopoietic 
system cells can be treated if genetic mutations which occur 
in human hematopoietic stem and progenitor cells (HSPCs) 
are corrected. A potential strategy to treat β-thalassemia 
and sickle-cell-disease is by disturbing the production of 
erythroid enhancers of human BCL11A induced fetal hemo-
globin production [42, 43]. In vivo gene therapy: In vivo 
gene therapy treatment is difficult, because of the necessity 
of competent and tissue explicit in Vivo rescue strategies. 
AAV vector is mainly a famous choice in many ongoing 
investigations due to its high recurrence of vector addition 
into the cell genome, which has raised some wellbeing con-
cerns. Furthermore, the possible immunogenicity of SpCas9 
and SaCas9 is another area and should be measured for an 
in vivo treatment. The most exceptional medical trials of 
CRISPR treatment are found in a pre-clinical report com-
pleted by Edits, which demonstrates complete recovery from 
a mutation inside the intron 26 of the CEP290 gene utilizing 
AAV-saCas9 [44].

CRISPR/Cas9‑Based Strategies of Gene Therapy

After being established as a gene-editing tool in 2012, 
CRISPR/Cas technology was employed in gene therapy such 
as gene edition, gene correction, and gene replacement. In 
the past decade, CRISPR technology has developed remark-
ably and many strategies for its use have been developed, 
among which prime editing, base editing, gene knockin, and 
gene knockout were found to be most effective and efficient 
in gene therapy [41, 45].

Gene Knockout Strategy  CRISPR/Cas9-based gene knock-
out strategy is the first well developed method to remove 
undesirable and disease causing genes. After CRISPR/Cas 
system is introduced in a cell, the Cas nuclease will locate 
and cut the target DNA to form double stranded DNA break 
(DSB). gRNAs guide Cas nuclease in detecting the target 
DNA sequence along with its PAM sequence (comple-
mentary to gRNA). A common repair mechanism is NHEJ 
which links 2 DSB molecules together. In the NHEJ mech-
anism, frameshift change is usually produced because it 
works by deleting or adding a few nucleotides while comb-
ing two DSBs together. NHEJ repair mechanism always has 
two major outcomes; one is the silence of edited gene due to 
frameshift change and the other is the induction of nonsense 
mutation [41].

Gene Knockin Strategy  Here CRISPR/Cas9 system plus 
a functional DNA template is introduced in a cell. Once 
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CRISPR/Cas cuts the target DNA sequence, the cell uses 
transfer DNA as a template to repair DSB, and thus tem-
plate DNA is inserted into the genome [41]. This method 
is especially efficient in adding a desirable gene in place of 
an unwanted gene. This method has a low chance of success 
and is employed only in divided cells [46].

Edition Strategy  There are two functional domains of 
Cas9; HNH and Ruvc, which cut one strand of target DNA 
and forms A DSB [47, 48]. Cas proteins that bind to DNA 
depend on gRNA and are not related to their activities. 
Hence either one or both of its domains can be inactivated 
through the change in their amino acids or structural modi-
fication without affecting their binding activities. Using this 
principle, scientists have produced modified Cas endonucle-
ase which can deactivate HNH and Ruvc domains to form a 
deactivated Cas (dCas) or Cas nikase (nCas). All Cas pro-
teins like dCas or nCas can be fused with other molecules 
like enzymes without having any effect on their own bind-
ing and cleave functions [41]. Using this principle, Komor 
et al. [49] constructed a cytosine base editor (CBE) by fus-
ing cytidine deaminase enzyme with nCas9. This CBE was 
able to successfully convert cytidine (C) into uridine (U), 
which can then become thymine (T). Eventually, the group 
was able to obtain the base edition from G to A or C to T 
successfully. DNA base editing has potential applications in 
treating genetic diseases associated with single‐nucleotide 
polymorphism or point mutation [41].

Prime Edition Strategy  This application of CRISPR 
genome editing is newly developed in 2019 and it has added 
two changes to the traditional CRISPR/Cas system. Firstly, 
Cas9 nickase was fused with reverse transcriptase and sec-
ondly, traditional gRNA was replaced with prime editing 
guide RNA (pegRNA). pegRNA not only contains single 
gRNA (contain both spacer and tracrRNA) but also gRNA 
which is linked to a gene specific RNA sequence (contain-
ing a primer binging site, PBS). This PBS site has a com-
plementary sequence to the target region of the edited DNA 
sequence [41]. CRISPR/Cas9 system binds with target DNA 
and nCas9 cuts opposite DNA strand to produce a single 
stranded DNA break. This broken DNA sequence serves as 
a primer and binds the PBS site in the sgRNA to produce a 
new DNA fragment using Cas9 fused reverse transcriptase. 
This newly synthesized DNA will then replace the targeted 
DNA. This is how prime editing can replace target DNA 
sequences without needing a DNA template. This system 
showed great efficiency in mouse cortical neurons and many 
human cell lines [41].

Role in Neurosciences

The present comprehension of brain function and its prob-
lems has been incredibly developed with the help of cur-
rently available devices and machinery. Among these 
CRISPR/Cas9 technology is a powerful innovation and 
hence is being utilized to produce new models for testing and 
understanding neurological diseases. CRISPR can progress 
both fundamental and translational neuroscience research 
[50]. Schizophrenia is a psychological issue with a world-
wide predominance of around 1.5 million individuals [51]. 
Recently, the gene which encodes for protein DISC1 (dis-
turbed in schizophrenia) has been recognized as an applicant 
gene for the illness by CRISPR.

Role in Cancer Biology

Cancer, in comparison to other diseases, is one of the major 
causes of human death each year around the world, but no 
powerful treatment has been found/discovered yet [50]. 
CRISPR technology was developed with the aim of cancer 
treatment and locating its source genes inside the host so that 
effective animal models can be generated for disease study 
[52]. Chen and his associates [53] proposed that CRISPR 
technology might be valuable for making malignant growth 
organism models for better comprehension of cancer biol-
ogy. In 2016, a Chinese research group has turned out to be 
the first worldwide group to provide an individual, suffering 
from destructive cellular breakdowns in the lungs, with cells 
containing CRISPR/Cas9 edited genes. They simply took 
the patient’s immune cells, and knocked out the PD-1 gene 
responsible for immune response, on the basis that now these 
new cells can fight against cancer more effectively after their 
multiplication. Similarly, T cells design based on CRISPR 
illustrates great potential as a treatment for cancer and has 
shown to be more compelling than the original T-cell design 
(the whole process is shown in Fig. 3) [5, 54].

Other types of cancers such as Epstein-Barr virus (EBV)-
positive gastric cancer, glioblastoma, colorectal cancer, 
ovarian cancers, urinary bladder cancer, and melanoma can 
also be potentially treated through CRISPR/Cas9 disrup-
tion of PD-L1/PD-1 gene (a regulator molecule, expressed 
in T-cell and has a role in T-Cell mediated immunity) [16]. 
For example, genes involved in colorectal cancer are MLH1, 
MSH2, SMAD4, APC, Trp53, KRAS, and PIK3CA. Scien-
tist conducted in vivo studies using genetically engineered 
mouse model to correct genes tumor suppressing genes 
APC, Trp53 along with SMAD4, KRAS, PIK3CA with the 
help of CRISPR/Cas (9 technology which showed promising 
results. In another study, genes PANDAR, LncRNA-UCA1 
were found to increase expression of urinary bladder cancer. 
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CRISPR/Cas9 technology was also employed here on Cell 
lines (T24, 5637 bladder cell lines) to knockout LncRNA-
UCA1 genes to treat urinary bladder cancer [40]. Gao et al. 
[55] studied the role of AKT1 E17K mutation against TP53-
null background. Results revealed that β-catenin signaling 
was abrogated which resulted in AKT1 E17K inhibiting can-
cer cell migration. Similar to this, Bungsy et al. [56] found 
that chromosome instability (CIN) is associated with the 
expression of the RBX1 gene. Knocking out of the RBX1 
gene can be a cause of high-grade serous ovarian cancer 
(HGSOC). It is because once RBX1 is knocked out, CIN 
phenotypes increase, and Cyclin E1 levels and growth in 
fallopian tube secretory epithelial cells also increase (a pre-
cursor for HGSOC).

In Plants

In plants, one of the great applications of CRISPR/Cas9 
technology is found in crop improvement. CRISPR/Cas 
system was first time established in two major food crops, 
wheat, and rice. Crops have genes called negative regulators 
which have negative effects on crop yield. In rice, negative 
regulators like Gn1a, dep1, and gs3 negatively affect grain 

number, seed size, and crop yield. Through CRISPR/Cas 
9 system, all 3 genes were knocked out which had helped 
in increased grain number, improved grain size, and dense, 
erect panicles in rice (Fig. 4). Such similar applications of 
CRISPR are also found in other plants such as in rapeseed, 
where gene BnaMAX1 was targeted which improved overall 
plant architecture and yield [16]. CRISPR technology has 
also been utilized in different plant researches, such as in 
biosynthesis and activity of the plant cell outer wall. Nowa-
days, people are very much reliant on plant cells wall based 
by-products like asylum, food, garments, and fuel. Genes 
involved in plant cell wall congregation are frequently very 
repetitive. With the help of hereditary crossing, these repeti-
tive genes can be reorganized and their knock-out copies can 
be produced. In comparison to hereditary crossing, CRISPR 
base gene editing will not only reduce the production time of 
high mutants but also fasten its screening process which will 
help in the characterization of those cell wall genes which 
need more time for growth [39].

Furthermore, CRISPR is an excellent tool that can also 
help improve crop storage and post-harvest quality. Fruits 
like tomatoes become soft once fully ripe which makes 
their storage and transportation difficult to deal with. Scien-
tists targeted both ALC gene mutations and replacement in 

Fig. 3   CRISPR/Cas mediated CAR (chimeric antigen receptors) 
T-cell engineering (Step 1–7). Cancer patients’ blood is collected and 
T cells are isolated. Then CD19 specific CAR is inserted into TRAC 
(T-cell receptor α constant) with the use of CRISPR/Cas9 technology. 

Thus modified or CAR engineered T cells are developed and grown 
in culture. These cells are then infused in the same patient where they 
attack their target cancer cells and cause apoptosis
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tomato fruit which helped improved its storage and shelf life 
without compromising plant size and fruits firmness [57]. 
In another study, genes lncRNA, and lnRNA1459 related 
to fruit ripening in tomatoes were knocked out using the 
CRISPR/Cas 9 system which successfully resulted in a new 
variety of tomato with altered fruit ripening [58]. Zachary 
B. Lippmann and his associates used CRISPR technology 
to develop a new variety of minimized, acquiescent tomato 
plants appropriate to cultivate in metropolitan cities for 
future horticulture [59]. In wheat crop, genes α‐gliadin, 
TaGW2, and TaSBEIIa were targeted to produce varieties 
of wheat with low gluten, increased plant weight and protein 
content, and amylose and resistant starch content [16].

In Animals

CRISPR framework is broadly utilized in animal reproduc-
tion and disease displaying models due to being a precise, 
quicker, and productive genome-editing tool. In addition 
to gene-editing tools, there are a few essential approaches 
to creating animal models. Gene-altered organisms can be 
made by exploiting embryonic stem (ES) cells from gene-
altered donor cells to produce genetically modified ani-
mals. For efficient and effective delivery of genome compo-
nents, viral particles and nanoparticles are currently being 
exploited as vectors [60–62]. In the past, animal experimen-
tation was carried out by using different models keeping in 

mind the species of the animal used. For instance, small ani-
mals and rodents were used to get ES cells infusion to create 
chimera gene-altered models because of their ease of use 
in research. Later on, through regular mating, homozygous 
mutated models were established. Yet, for large animals 
such as monkeys, the most productive approach through a 
straightforward infusion of the CRISPR Cas9 framework 
into zygote and embryo transfer is performed later on.

However, the disadvantage of the CRISPR framework is 
that a comparable gRNA results in different gene types in 
different cells and people, so it's difficult to get indistinguish-
able models for disease mutation [22]. A breakthrough in 
clone animal model research was seen while studying animal 
models development in monkeys, where gene-editing tech-
nology was used with somatic cell nuclear transfer (SCNT) 
[63]. An animal model produced this way will share simi-
lar genome typing as its donor cells. Scientists have started 
research on Huntington’s disease pigs and a BMAL1-abla-
tion macaque based on this above-mentioned approach to 
creating animal models [11, 64, 65].

In Microbes

The CRISPR framework is a prokaryotic defense mecha-
nism in opposition to DNA and RNA viruses in different 
microorganisms [66, 67]. Up until this point, the CRISPR 
framework has been embraced as a technology for important 

Fig. 4   CRISPR/Cas9 mediated gene editing in rice plant
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studies, metabolic designing, and genome functioning. In 
this discipline of molecular biology, the Cas9 framework has 
been used in various model bacteria, for example, E. coli, 
Mycobacterium spp., Saccharomyces cerevisiae, Clostrid-
ium spp., Lactobacillus spp., Bacillus spp., Pseudomonas 
spp., and Streptomyces spp. There remain many microbes 
for them Cas framework has not been used yet.

Role in Bacteria

Even though the major focus of CRISPR technology is on 
eukaryotes genome engineering, there are very high chances 
to use Cas9 in bacteria in common and particularly in food 
microbes. Even though CRISPR-based gene editing is par-
ticularly difficult in bacterial systems, overall, some break-
throughs have also been achieved as exemplified in Bacillus 
smithii, and various Lactobacillus spp. [68]. Type I CRISPR 
framework in L. crispatus was effectively used to complete 
genome editing in terms of addition, deletion, and single 
nucleotide replacement [69], outlining how Cas frameworks 
are promptly and programmable bridled in Lactobacil-
lus spp. for gene altering. In their lab research, Qi and his 
associates developed a plasmid pNICK clos using CRISPR 
technology which can carry out numerous rounds of genome 
altering in C. acetobutylicum and C. beijerinckii with effec-
tiveness shifting from 6.8 to 100 percent (%) and 18.7 to 100 
percent (%), individually [70]. Cas9-based genome-editing 
tools have also been used for the creation of mass synthetic 
compounds, for example, succinate in Synechococcus elon-
gates [71].

Role in Viruses

CRISPR methodology was primarily tried in the early 2000s 
for HIV1/AIDS treatment. Ebina and his associates effec-
tively utilized the Cas9 gene to smother the appearance of 
AIDS genes in the Jurkat cell. Objective locales were the 
NF(κB) restricting tapes situated in the U-3 district of LTR, 
also TAR series in the region R, individually. This brought 
about proficient hindrance of HIV (1) provirus record. 

Significantly, it also illustrated that CRISPR can dispose of 
interior incorporated viral qualities just like the tainted host 
chromosome, which proposed that Cas9 might be, a possible 
option for AIDS treatment [11].

Role in Filamentous Fungi

Genome editing of fungi has not progressed very much in 
recent decades due to problems such as lack of suitable pro-
moters, poor editing efficacy, plasmid hindrance, and gene 
delivery issues. CRISPR has been a successful technology 
in this regard as it has helped in genome editing in fila-
mentous fungi after overcoming these issues. Conventional 
hereditary gene-editing techniques tried to advance the pro-
ductivity of HR (Homologous recombination) by erasing 
KU80 and KU70 dimers ultimately making these fungi more 
sensitive to certain chemicals [72] for example, phleomycin 
and methyl methane sulfonate [73]. Conquering this impedi-
ment, the CRISPR framework in the filamentous mold of 
Trichoderma reesei uses a specialized codon in vitro RNA 
transcription [74]. The Cas 9 gene-editing tool not only 
effectively locate targeted gene but can also add multiple 
genes which have made this technology a powerful weapon 
for genome editing in filamentous organisms.

Role in SARS‑CoV‑2 Detection and Possible 
Treatment

In late 2019, a novel coronavirus disease (known as severe-
acute-respiratory-syndrome-coronavirus-2 (SARS-CoV-2) 
in Wuhan, China had emerged which has resulted in deaths 
across the globe and is declared a pandemic by WHO in 
early 2020 [75]. There is a lack of effective diagnostic meth-
ods and treatments available against this viral disease. It is 
highly transmissible among humans and takes between 5 
and 14 days upon infection to show symptoms. The most 
prevalent symptoms of the disease reported were muscle 
pain, fever, diarrhea, difficulty in breathing, dry cough, chest 
pain, elevated levels of cytokines in the bloodstream, and 

Table 3   CRISPR-based methods for severe-acute-respiratory-syndrome-coronavirus-2 (SARS-CoV-2) detection in human patients

Method Introduced by Year Time (min) Working principle References

DETECTR (DNA Endonucle-
ase-Targeted CRISPR Trans 
Reported)

Mammoth Biosciences group 2018 30 Uses CRISPR/Cas12a nucleases 
system to detect targeted DNA 
sequences

[77]

FELUDA (FNCAS9 Editor Linked 
Uniform Detection Assay)

Debjyoti Chakraborty group from 
the Institute of Genomics and 
Interactive Biology (IGIB)

– 45 Uses CRISPR/Cas9 nucleases 
system to detect targeted genetic 
material of coronavirus

[78]

SHERLOCK (Specific High 
Sensitivity Enzymatic Reported 
unlocking)

Feng Zhang's group 2017 60 Uses CRISPR/Cas13 nucleases 
system to detect targeted RNA 
sequences

[79]
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death in severe disease cases [76]. CRISPR/Cas technology 
has shown promise in providing methods for coronavirus 
detection and possible treatments (Table 3) [11].

CRISPR Cas protein orthologs like Cas9, 12, 13 and 
many more are currently being explored for their potential to 
act as an antiviral agent for coronavirus. The working strat-
egy is to target SARS-CoV-2 housekeeping genes through 
different orthologs of Cas protein. Among these Cas pro-
tein orthologs, Cas 13 nuclease, which can cleave ssRNA of 
coronavirus, is the most promising antitherapeutic tool for 
antiviral agent development [80, 81]. Cas 13 nucleases are 
preferred because they can be programmed to cleave target 
ssRNA in humans with high precision without producing 
any off-target effects. Furthermore, it has no requirement for 
PAM or other sequences to cleave target sequences unlike 
other Cas nucleases such as Cas9 and Cas12 [76].

To control this viral pandemic, so far WHO has allowed 
the administration of 17 COVID-19 vaccines globally. Nor-
mally the development of a vaccine is a long and labori-
ous process and takes somewhere between 5 and 10 years 
for commercialization. However, all of these vaccines were 
made commercially available within 1  year. Although 
these vaccines were made after valid pre-clinical and clini-
cal experimentations but still there is a need for extensive 
research on these vaccines in terms of their long-term effi-
cacy, safety and regulations, etc. With the emergence of 
SARS-CoV-2 mutants, there is a threat that these vaccines 
may lose their effectiveness against these mutants. Hence, 
it is needed to develop vaccines that can work against such 
variants effectively. CRISPR technology has shown promis-
ing results in this regard and researchers are utilizing it fully 
to produce engineered B cells as well as safe, recombinant, 
and multivalent viral vaccines [2]. Johnson et al. [82] had 
used CRISPR/Cas9 nucleases to engineer B Cells to produce 
monoclonal antibodies (mAbs) against various antigens. 
This approach can be used to express SARS-CoV-2 specific 
antibodies in the host by inserting engineered nucleic acid 
sequence in host B cells [82, 83]. A lot of such studies are 
currently going on, however, there is much work to be done 
in terms of immunogenicity, Cas protein expression in the 
host, CRISPR components delivery, off-target effects, etc. 
to design and produce an effective, efficient, safe, and mul-
tivariate vaccine against SARS-CoV-2.

CRISPR Ethics

Moral choices, especially in biomedicine, imply assess-
ing possible profit-loss analysis. Toward exploring moral 
dynamics, it is better to think about the scope of poten-
tially bad situations, the likelihood of every start-up, and 
the potential reasoning for every possible outcome [84]. 
CRISPR/Cas9 is not only a cheap, proficient, and precise 

technique to make changes at the single nucleotide level, 
but also assists in investigating numerous scientific and 
research inquiries [85]. Human germ line modifications 
through CRISPR base gene editing and lack of complete 
knowledge regarding human germ line mutagenesis have 
raised many bioethical concerns and have given birth to a 
variety of viewpoints [14]. Janssens and Cecile talked about 
the technical feasibility of this technology for the enhance-
ment of certain desirable human traits. According to them, 
this technology is more beneficial in the case of single muta-
tion genetic disorders such as sickle cell anemia rather than 
a polygenic disease controlled by many genes [86]. Li and 
QIAN argued that the technology is not developed to the 
extent where it can be employed for fine tuning humans. The 
reasons they stated include probable off-target mutations and 
unknown consequences of gene editing (may transfer to the 
next generation) associated with gene editing [87].

Some scientists also supported human gene editing such 
as Sharma and Scot under the title of ‘appropriate and justi-
fied use’. According to them, germ line editing should only 
be allowed in a human embryo under 14 days of culture as 
per standard ethical guidelines [88]. However, Lander [89] 
completely opposed the idea of human genome editing and 
strongly showed support for the ban of technology. Lander 
states that the use of technology should only be allowed in 
case of a genetic disease that has no other possible medi-
cal cure. He further argued that as we have no complete 
knowledge of possible genetic changes and their conse-
quence, thus this technology should not be applied to the 
human germ line [46]. In 2017, the US National Academies 
on Human Gene Editing issued reviews concerning recent 
development in gene-editing technology. The report stated 
that germ line modification to create new human beings is 
not allowed however in certain medical situations it can be 
negotiated [84].

Environmental Impact of CRISPR/Cas9 
Technology

No doubt CRISPR/Cas technology is of the best discovery 
of the twentieth century. With its everyday advancement, it 
is not only facing issues like legal issues, ethical issues, and 
social issues but also environmental issues in fields such 
as livestock, agriculture, and medicine. CRISPER does 
not affect the environment directly but indirectly through 
CRISPR modified microbes, plants, animals, and humans 
[90]. One of the major obstacles in CRISPR/Cas9 technol-
ogy is off target mutations which may have a great impact 
on environmental integrity. As there is always a possibil-
ity that CRISPR modified organisms may and can transfer 
the acquired genes between each other through the process 
of gene drift. There are also chances of CRISPR related 
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bioterrorism by using experimental organisms, modified 
through CRISPR technology, which can affect the environ-
ment very badly. All of the previously available gene-edit-
ing technology such as ZFNs or TALENs need specially 
designed proteins to bind with the targeted DNA, a process 
that may take a few years. However, CRISPR is most effi-
cient and fast than these gene-editing technologies as it only 
needs a commentary RNA to bind with the targeted DNA. 
And this complementary RNA can be made in only a few 
days. This ability of CRISPR technology not only makes it 
a fast gene-editing technology but also a freighting gene-
editing tool at the same time in terms of its irresponsible 
use [91].

Genetic drift which occurs due to CRISPR-based off 
target mutations may persist in a population and will likely 
continue in the next generation. No one can predict how 
this mutation will affect the next generation. Genetically 
modified organisms such as humans, animals, plants, and 
microbes not only will transfer these mutations within 
their specie but also with species where they may cause 
serious negative effects and can be the potential cause of 
an ecosystem disturbance [90]. Another concerning point 
is the use of genetic enhancement in the military, as some 
countries may use CRISPR technology for their soldiers’ 
genetic enhancement to increase their combat power, in 
that scenario it can be a serious threat to world peace and 
may cause long-lasting damages to the environment [90]. 
Although various small-scale research labs are researching 
possible negative impacts of CRISPR on the environment. 
No lab setting can accurately predict and forecast natural 
ecosystem future problems. Another concern is the main-
tenance of a peaceful environment among the common 
public regarding genetically modified foods. As the public 
has always had a native attitude toward any genetically 
modified product in the past. Therefore, the only way to 
move forward is to use CRISPR technology by keeping in 
mind all the safety and security measures [90].

Conclusion and Future Perspective

CRISPR has been observed as rather conceivably the valu-
able treasure for targeted genome editing in the light of its 
remarkable effectiveness, moderately minimal effort, low 
mutation rate & cost of development, and high target effi-
ciency in contrast to other genome altering methods, like 
ZFNs and TALENs. Gene-editing technology has improved 
rapidly in this decade owing to the achievements of scien-
tists. As a result, the CRISPR gene-editing technique has 
been used to eradicate genetic diseases from the planet, 
increase agricultural yields, make plants resistant to envi-
ronmental pressures, develop sustainable goods, and create 
individuals with the potential to pass on desirable traits to 

future generations. This might indicate people with a higher 
IQ and a greater ability to fight a variety of diseases. As a 
result, addressing ethical and societal concerns remains a 
challenge for this genome-editing approach. While science 
has traveled great distances in developing new perspectives 
to enhance life on our planet, there is always the option of 
modifying life in the least harmful way possible.

For efficient gene editing, several factors are important 
and need to be taken into consideration such as CRISPR/
Cas9 delivery method, target site selection, Cas 9 system 
activity, single guide RNA (sgRNA) design, and DNA 
repair mechanism efficiency. Major challenges associated 
with CRISPR development are off-target effects, CRISPR/
Cas 9 delivery, and the efficiency of the repair mechanism. 
CRISPR/Cas system has a high chance of producing off-
target effects (> 50%) which may affect the normal function 
of genes making them genetically unstable. These off-target 
effects can be dealt with through strategies like the selec-
tion of a suitable CRISPR/Cas delivery system, delivery of 
CRISPR/Cas system only to the target cells, designing of 
the most appropriate sgRNA, and selection of the right Cas 
enzyme.

Efficient delivery of the CRISPR/Cas9 system into the 
target is another hurdle that needs to be passed. CRISPR-
based delivery systems are of three types, physical, viral, 
and non-viral vectors. Designing and selecting an appropri-
ate vector along with full knowledge of its cons and pros 
is the only way to go forward. Another major obstacle is 
the DNA repair mechanism. Although NHEJ is the most 
efficient and commonly used DNA repair mechanism, its 
chances of producing a mutation are as high as 20–60%. 
Whereas in the case of HDR, chances of mutation are very 
low, as template DNA is provided here, however, its repair 
efficiency is low (0.5–20%). A way to deal with this obstacle 
is to improve HDR efficiency or suppress NHEJ's possible 
mutations. Although major critical advancement has been 
made in CRISPR/Cas9 system to enhance its target speci-
ficity, efficient gene delivery, and DNA repair mechanism, 
much work is still needed to be done to make it a ‘super’ 
gene-editing technology.

There is also a need to further explore and study the rela-
tionship between Cas9 protein activity and the ratio of Cas9 
to sgRNA over time. For rapid progress in CRISPR tech-
nology, ethical, moral, and environmental issues regarding 
human genome editing are still under debate and need to 
be concluded. This debate has already come to an end in 
the USA but is still a very intense discussion in other Euro-
pean and Asian countries and this has caused an obstacle 
in CRISPR due to progress worldwide in medicine, bio-
technological, and pharmaceutical industries. Similar to the 
unnaturally conceived first test-tube baby that showed up in 
1978, CRISPR/Cas9 technology has also raised some con-
cerns. And it is expected that if laws are completely made 
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for it, very rapid progress will be seen in many fields of 
biological sciences such as genomics, livestock, medicine, 
and agriculture.
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