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Abstract
The CRISPR–Cas genome editing system is an intrinsic property of a bacteria-based immune system. This employs a guide 
RNA to detect and cleave the PAM-associated target DNA or RNA in subsequent infections, by the invasion of a similar 
bacteriophage. The discovery of Cas systems has paved the way to overcome the limitations of existing genome editing tools. 
In this review, we focus on Cas proteins that are available for gene modifications among which Cas9, Cas12a, and Cas13 
have been widely used in the areas of medicine, research, and diagnostics. Since CRISPR has been already proven for its 
potential research applications, the next milestone for CRISPR will be proving its efficacy and safety. In this connection, we 
systematically review recent advances in exploring multiple variants of Cas proteins and their modifications for therapeutic 
applications.

Keywords CRISPR · CRISPR-associated proteins · Nucleic acids · Non-homologous end joining · Homology-directed 
repair · Therapeutic applications

Introduction

CRISPR/Cas system has become a significant genome 
editing tool in the field of molecular biology. CRISPR, an 
acronym that is explained as a Clustered Regularly Inter-
spaced Short Palindromic Repeats, is inherently equipped 
by a bacterial defense system to protect itself from an inva-
sive pathogen. CRISPR system works in tandem with an 
associated protein called Cas proteins (plurality of types 
like Cas9, Cas12, and Cas13) that are used for targeting and 
manipulating the deoxyribonucleic acid (DNA) at the spe-
cific site in the nucleotide sequence. Genome editing using 
CRISPR–Cas requires the significant, additional component 
called guide ribonucleic acid (gRNA) which is assists the 
CRISPR complex in the target cleavage. Hence, scientists 
have been persistently bringing out new modifications on 
the guide RNA for effective genome editing activity. This 
type of programmable and reprogrammable strategy of gene 
editing is been explored in various fields such as research, 
medicine, diagnostics to regulate gene expression, control-
ling transcription, chromosomal imaging, drug delivery, and 
even treating the human ophthalmological and hematologi-
cal diseases fronts in the future. Therefore, in this review, 
the aspects of different Cas proteins with their associated 

Nagaraj Bharathkumar and Abraham Sunil have contributed 
equally to the work.

 * Thirunavukarasou Anand 
 anand.t@baatral.com

 Nagaraj Bharathkumar 
 bharathkumarbcas@gmail.com

 Abraham Sunil 
 sunilissmart@gmail.com

 Prabhakar Meera 
 meera6396@gmail.com

 Sam Aksah 
 aksah.sam@gmail.com

 Muthu Kannan 
 mkannan52@gmail.com

 Konda Mani Saravanan 
 saravananbioinform@gmail.com

1 B Aatral Biosciences Private Limited, Bangalore, Karnataka, 
India

2 Department of Animal Behavior and Physiology, Madurai 
Kamaraj University, Madurai, Tamil Nadu, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12033-021-00422-8&domain=pdf


356 Molecular Biotechnology (2022) 64:355–372

1 3

mechanisms have been briefed out for a better understanding 
of gene editing.

Historical View

Discovery of CRISPR 80s to Present

CRISPR–Cas is found in prokaryotes and plays signifi-
cantly a specific role in the bacterial acquired immune sys-
tem. Yoshizumi Ishino, a Japanese scientist, discovered the 
repeated sequences interspersed with spacer sequences in 
Escherichia coli (1987) while analyzing the gene that is 
responsible for alkaline phosphatase conversion [1]. Van 
Embden and his colleagues in the Netherlands threw light 
into different spacer sequences between DNA repeats in dif-
ferent strains of Mycobacterium tuberculosis (1993). Spacer 
sequences were used to characterize different strains of M. 
tuberculosis. This method is known as Spoligotyping, and 
many such sequences have been discovered in bacteria and 
archaea [2]. CRISPR sequences were identified in Halofe-
rax (1995) [3] and in Cyanobacterium (1996). CRISPR 
sequences were discovered in the year 2000 in archaea and 
bacteria [4]. Jansen and his team termed those repeated 
nucleotide sequences with spacers found in the genomes of 
prokaryotes as CRISPR sequences (2002) [5].

CRISPR-associated proteins, shortly known as “Cas” 
enzymes (particularly Cas9, Cas12a, and Cas13), use 
CRISPR sequences as a guide to recognize and cleave tar-
get DNA’s complementary strands. CRISPR arrays allow 
bacteria or archaea to retrospect about viruses. When bac-
teria encounter the virus, they copy and integrate its DNA 
copy into their genome as “spacers” between CRISPR short 
DNA repeats. The nucleotide sequences in the spacers act as 
a template for the Bacterial RNA to recognize the DNA of 
an incoming virus and direct the Cas9 enzyme to act upon 
it; thereby preventing the virus from infecting the bacte-
ria. Doudna and Banfield began researching CRISPRs in 
2005. Years later, in 2012, yet another scientist, Emmanuel 
Charpentier, joined the former for a collaborative study on 
Cas9 proteins. In 2015, a new Cas protein, cpf1, was dis-
covered to further enhance gene editing [6]. These scientists 
were subsequently awarded the Nobel Prize in Chemistry 
on October 7, 2020, in recognition of their contributions to 
CRISPR–Cas9. These studies have been further being scaled 
up later on in order to improve the accuracy and efficiency 
of CRISPR–Cas9 technique (Fig. 1).

Existing Genetic Tools

Before the CRISPR–Cas system, several types of endonu-
clease enzymes that could cut DNA were exposed, besides 
the already existing Meganucleases, ZFNs (Zinc Finger 

Nucleases), and TALENs (Transcription activator-like effec-
tor nucleases) (Table 1). These enzymes can identify and cut 
specific nucleotide sequences. The restriction enzymes were 
used to identify a specific site of DNA, cleave it, and incor-
porate new genes. Those sequences are found multiple times 
in a genome. As a result, determining the insertion site ahead 
of time is extremely difficult. So, scientists sought ways to 
improve the precision of restriction enzymes and transform 
them so that they could identify a distinct sequence in the 
genome. So, the example of enzymes having such one-of-
a-kind sequences is Meganucleases. Zinc finger nuclease 
is another type of endonuclease. These synthetic restric-
tion enzymes are made up of a subunit that can identify the 
preferred DNA sequence and its restriction sites. Scientists 
engineer the nuclease proteins by combining zinc finger pro-
teins with the Fok I endonuclease DNA cleavage domain [7]. 
Transcription activator-like effector nucleases (TALENs) are 
less difficult to synthesis than of zinc finger nucleases. TAL-
ENs are made up of a restriction enzyme subunit that cleaves 
DNA and a sequence recognition component called a TAL 
effector. TAL effectors have an ability to cover the long and 
unique sequences in the genome due to the high number of 
iterations. Scientists can create TAL effectors for specific 
DNA sequences more easily than zinc finger endonucleases. 
It remains, however, a difficult task [8]. 

General Mechanism of CRISPR

The CRISPR system requires a group of CRISPR-associ-
ated genes known as “Cas,” which are usually found next 
to the CRISPR sequence. Cas genes typically encode pro-
teins that are required for an adaptive immune response [9]. 
CRISPR–Cas systems are engineered DNA- or RNA-bind-
ing proteins that can bind to specific target sequences by 
designing crRNAs or gRNAs with complementary spacer 
sequences. Cas proteins can also act as nucleases, making 
them useful as programmable genome editing tools [10]. 
There are three major stages in the CRISPR–Cas defense 
system: adaptation, expression, and interference. In the first 
stage, the CRISPR locus is adapted by the insertion of new 
spacer sequences. During expression, the Cas genes are 
expressed and the CRISPR sequence is transcribed into a 
long precursor crRNA. Pre-crRNA is converted into mature 
crRNA through the involvement of Cas proteins (Cas5d) and 
other accessory factors. The target viral DNA is identified 
and destroyed by the combined action of crRNA and Cas 
proteins during the final stage, Interference [11] (Fig. 2).

The CRISPR/Cas9 technique is widely used in science 
because of its high degree of flexibility and accuracy in 
identifying, targeting, and cleaving target nucleic acid. 
This technique is alluring as it allows for very low-cost 
genetic engineering. It enables the inclusion or elimina-
tion of multiple genes at the same time. This technique 
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can quickly manipulate many different genes in an in vitro 
or in vivo cell lines, a plant that would otherwise take 
years to complete. Because it is not species-specific, it can 
be used on organisms that previously have been resistant 

to genetic engineering. Jennifer Doudna and Emmanuel 
Charpentier have been honored with the Nobel Prize in 
Chemistry on October 7, 2020, in recognition of their con-
tributions to CRISPR–Cas9 (Table 2). 

Fig. 1  Schematic representation of CRISPR discoveries from 1987 to 2020
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Cas9 Protein

Among all the CRISPR effector proteins the well-character-
ized protein is Cas9, which belongs to the type II CRISPR 
system which is comprised of subtypes like type II-A, type 
II-B, and II-C that are sorted on account of Cas9 gene size 
and the presence of the subtype-specific gene [12]. Cas9 
effector protein stemmed from Streptococcus pyogenes, 
Streptococcus thermophiles, Staphylococcus aureus, Neis-
seria meningitidis, and Campylobacter jejuni. Cas9 causes 
double-stranded DNA breaks ensuing in the formation of 
blunt ends, which may be repaired by a donor template DNA 
during the non-homologous end joining or homologous 
recombination (Fig. 3).

Mechanisms and Modifications

Cas9 requires crRNA (CRISPR RNA) and tracrRNA 
(Transactivating crRNA), which complements crRNA’s 
repeated region [13]. Cas9 binds to a genetically engi-
neered single-guide RNA (sgRNA) made from dual RNA 
(crRNA:tracrRNA) and recognizes target viral DNA via 

PAM (Protospacer Adjacent Motif) regions. Cas9 cleaves 
3 bp upstream of the PAM sequence after sgRNA base 
pairs with the target DNA related to the PAM sequence 
[14]. Cas9 has a bilobed structure with a core cleft that 
could harbor a crRNA:DNA duplex. A disordered linker 
that connects the α-helical recognition (REC) and nucle-
ase (NUC) lobes, as well as a highly conserved arginine-
rich bridge that forms several interactions with sgRNA. 
The conserved HNH (Histidine Asparagine Histidine) and 
RuvC (Resolvase) nuclease domains, as well as a variable 
C-terminal domain, make up the NUC (Nuclease) lobe 
which interacts with PAM [15]. The structural conforma-
tions of the Cas9 proteins show that guide RNA binding 
controlling Cas9 activity results in a large conformational 
reorganization of the protein. As a result of the arrange-
ment of the PAM-interacting residues and the nucleotide 
sequence of the guide RNA, the protein is capable of 
DNA binding and PAM recognition [16]. The scrutinized 
complex binds the guide RNA and scans the DNA; upon 
recognition of a similar PAM in the non-target strand, it 
induces the unwinding of the DNA duplex, allowing the 
guide RNA to probe 10 to 12 nucleotide sequences for 

Table 1  TALENs, ZFNs, and CRISPR

TALEN Zinc finger nucleases CRISPR

Target sequence 14–20 bp monomer, 28–40 bp pair 9–18 bp monomer, 18–36 bp pair 20 bp guide and PAM sequence
Target limitations 5ʹ targeted base is T non-G-rich sites targeting has 

limitation
PAM sequence

Advantages/disadvantages in 
Engineering

Complex cloning methods Protein engineering Standard cloning and oligo 
synthesis

Advantages/disadvantages in 
delivering

Large size of functional compo-
nents

Small size and suitable for viral 
vectors

Smaller orthologs, large SpCas9 
having packaging problems 
for AAV

Fig. 2  Mechanism of CRISPR-mediated immunity in bacteria. 1. Adaptation insertion of new spacers into the locus. 2. Expression processing of 
the CRISPR RNA. 3. Interference detection of the genetic elements by CRISPR RNA and Cas proteins
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complementarily in the target strand’s upstream PAM 
region [17].

The domain conformational activation of the HNH is sub-
jected to the changes in the linker loops between the HNH 
and RuvC domains. This allosteric bonding between the 
nuclease domains results in the cleaving of the HNH domain 
in the target strand. The RuvC domain conversely cleaves the 
non-target strand [18]. Among all the Cas9 proteins, spCas9 
variant (Streptococcus pyogenes) is the most commonly used 
genomic tool for gene manipulation, gene disruption, tran-
scriptional activation and repression, and epigenetic modula-
tion. For DNA target recognition, SpCas9 usually recognizes 
the viral DNA targets and generates a blunt double-strand 
break (DSB). SpCas9 recognizes a spacer sequence of 20 
nucleotides and on the PAM 5-NGG. The PAM 5-NGG rec-
ognition limits SpCas9 target sites available in the human 
genome. Evolutionary approaches have developed variants 
by altering the PAM specificities for increasing the target 
site’s availability [19]. The aim of genetically engineered 

Cas9 variants is to improve target specificity. Several stud-
ies have defined how a Cas9 variant is mutated to reduce 
off-target cleavage activity, resulting in Cas9 and its cor-
responding gRNA expression from plasmids [20] and their 
transportation as ribonucleoprotein complexes [21].

Changes in the secondary structures within the short 
RNA hairpins on the spacer region of gRNAs increase the 
thermodynamic barrier to crRNA or gRNA strand invasion 
at off-target sites while generally maintaining on-target 
action, has increased on-target CRISPR–Cas specificity [22]. 
The discovery and development of additional Cas9 orthologs 
that recognize different PAM sequences have increased the 
number of target sites available. Streptococcus thermophilus 
Cas9 (stCas9), for example, recognizes the PAM 5′-NNNN-
GATT and Neisseria meningitidis Cas9 (NmCas9) recog-
nizes 5′-NNNNGATT [23]. These Cas9 orthologs have been 
repurposed in bacteria and mammalian cells for DNA tar-
geting. Furthermore, PAM sequence 5-NNGRRT (R repre-
sents A or G) is recognized by Staphylococcus aureus Cas9 

Table 2  Different types of Cas proteins and its functions

Proteins Functions References

Cas1 Present in all types and can bind to RNA and are not sequence specific. Universally conserved proteins in the 
immune system of CRISPR. Function in a complex which identifies the site of integration in CRISPR array

[92]

Cas2 Present in all regions. Specific to U-rich regions. Two Cas2 copies combine with four Cas1 copies to form a DNA-
capturing complex, which scans the cell for invasion of bacteriophage DNA

[92]

Cas3 Function as a nuclease activity; destroy DNA by restricting it into smaller fragments, mechanisms termed as 
‘CRISPR interference.’ Capable of removing large segments of DNA from a target site in human genome

[93]

Cas4 Directly associated with Cas1 and Cas2 complexes with exonuclease activity. It has important roles in identifying 5′ 
PAM and 3′ nucleotide motif of protospacer. This has an insertion of PAM-bearing sequences into the bacterium's 
DNA

[94]

Cas5 Cas5 is an endoribonuclease which involves in crRNA biogenesis and stabilizes pre-crRNA. Helps in optimal stabil-
ity for crRNA processing into discrete crRNA units

[95]

Cas6 Cas6 is an endoribonuclease, which helps in producing crRNAs in CRISPR–Cas1 and 3 systems for invader defense. 
Helps in optimal stability for crRNA processing into discrete crRNA units

[95]

Cas7 Cas7 protein form cascade backbone which helps in attaching to mature crRNA, they involve in crRNA biogenesis 
and helps in nucleation of surveillance complex

[96]

Cas8 Helps in the PAM sequences to identify the bacteriophage DNA; it also functions in unwinding the target DNA and 
subsequent requirement of Cas3 for degradation. It interacts with Cas5–Cas7–crRNA complex to stimulate binding 
with PAM-bearing substrates

[97]

Cas9 Type II signature distribution which is necessary for interference and target cleavage. This RNA-guided enzyme 
cleaves foreign nucleic acids bearing sequence complimentary to the RNA loaded into the enzyme adaptive 
immunity of the bacteria. Large multidomain protein, with nuclease lobe which consists of HNH, RuvC, and PAM-
interacting domains

[98]

Cas10 Type III signature distribution which process as crRNA expression and interference. Nuclease domain, palm domain, 
Zn ribbon with cascade element homologies

[97, 99]

Cas11 Cas11 is the small subunit of the type I and type III effector complexes [100]
Cas12 Cas12 identified as Cas12a or Cpf1, having higher specificity and less target activity. Its RNase activity processes its 

own pre-crRNA to mature crRNA. It has a simplified design of guide RNA because it does not require tracrRNA. 
Suitable for viral packaging because of its smaller size

[6, 26, 33, 101]

Cas13 Large highly conserved proteins with higher eukaryotic–prokaryotic nuclease (HEPN), they cleave non-target RNA 
at specific sites, suitable for targeting bacterial and viral infections

[102]

Cas14 RNA-guided nucleases cleave ssDNA without the requirement of any restrictive sequence. Cas14 proteins trigger 
non-specific DNA cleavage that enables high-fidelity SNP genotyping. Potentially used in the detection of ssDNA 
viruses

[103]
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(SaCas9) [23]. Notably, the efficiencies of SaCas9 gene edit-
ing are comparable to those of SpCas9, and the smaller size 
of SaCas9 (1053 amino acids compared to 1368 amino acids 
of SpCas9) has allowed its use in size-restricted delivery 
vectors like adeno-associated virus (AAV) [24]. A smaller 
Cas9 ortholog from Campylobacter jejuni (984 amino acids) 
was recently reported to recognize the PAM 5-NNNVRYM 
(V represents A, C, or G; Y represents C or T) and be used 
for in  vivo-targeted genome editing. CasX (980 amino 
acids), the smallest Cas9 to date, was discovered as a result 
of additional efforts to identify Cas9 ortholog [25].

Mutations in Cas9 Proteins

Streptococcus pyogenes is the first organism found in the 
CRISPR/Cas9 system. The binding of gRNA with com-
plementary mismatched target DNA within the bacterial 
genome leading to off-target activity is one of the major 
limitations of this system. As a result, shown in Table 3, 
the modifications of the Cas9 system are made to improve 
target specification and reduce unexpected cleaning activity 

[26]. An additional way to reduce off-target cleavage activity 
increases the proto spacer near the motif length. Nmecas9, 
a CRISPR–Cas9 system based on Neisseria meningitidis, 
detects a sequence of 8-nt PAM (5-NNNNGATT) that 
can reduce off-target cleavage activity [27]. Sacas9 from 
Staphylococcus aureus detects a 6-nt PAM (5-NNGRRT) 
sequence of two Cas9 variants from Streptococcus thermo-
philus (st1cas9 and st3cas9) used to classify two human loci, 
PRKDC and CARD11, showed lower off-target rates than 
previously developed SpCas9 [28].

Cas9 Ortholog and Their Function

CRISPR/Cas9 orthologs have also been identified in order to 
improve the targeted specificities. CRISPR/CpfI Prevotella 
and Francisella were taken from class II, type endonuclease. 
CpfI, unlike Cas9, requires a single-directed CRISPR RNA 
(crRNA) that breaks down and produces 4–5 nucleotides 
fusion and 5-overhangs [29]. Cas9 orthologs also have the 
ability to identify RNA as well. The cleavage of ssRNA in 
SaCas9 and Campylobacter jejuni Cas9 are independent of 

Fig. 3  Mechanism of action of CRISPR/Cas9 techniques. CRIPSPR/
Cas9 gene with cleavage activities creating a double-strand break on 
the target DNA, which are repaired either by non-homologous end 

joining (NHEJ) or by homology-directed repair (HDR) with the help 
of Donor DNA is provided
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PAM [10]. SaCas9 suppressed gene expression in E. coli 
when targeted at RNA [30]. The CRISPR RNA (crRNA) 
dependent but independent binding of PAM and purification 
of endogenous RNAs wer observed in C. jejuni Cas9 [31]. 
Francisella novicida Cas9 (FnCas9) was found to identify 
bacterial mRNA [32]. It modifies the genetic expression 
and identifies the RNA genome of the hepatitis C virus in 
eukaryotic cells [33]. FnCas9 is not PAM-dependent and can 
be used to identify negative-sense ssRNA viruses from the 
family Filoviridae, Paramyxoviridae, and Orthomyxoviridae 
(Table 4). More research is needed to determine the potential 
effects of RNA targeted at Cas9 on eukaryotic cells [10].

Applications of Cas9

The CRISPR/Cas technology has a very broad application 
range in the field of research, development, and diagnostics. 
Primarily, this technique has been used as a genetic tool for 
target gene (DNA/RNA) modification in the host. Besides, 
it plays various roles in the field of Genome library screen-
ing, Transcriptional regulation (activation/repression), epi-
genetic modification, live cell imaging, and also therapeu-
tic applications. In human cells, the Gecko (genome scale 
CRISPR–Cas9 knock out) library that targets 18,080 genes 
of having 64,751 specific guide RNA sequences via lenti-
viral delivery allows both negative and positive selection 

Table 3  CRISPR–Cas9 mutations and the descriptions

PAM protospacer adjacent motif
a S. pyogenes Cas9 variant with quadruple mutations
b S. pyogenes Cas9 variant with triple mutations
c expanded PAM S. pyogenes Cas9 variant
d enhanced-specificity S. pyogenes Cas9 variant
e high-fidelity Cas9 variant
g evolved high-fidelity Cas9 variant

Name Mutations PAM Functions References

hCas9 I473F or K500I NAG Promotes higher rates of spacer acquisition, 
displays a modest increase in the cleavage 
efficiency of targets with NAG PAMs, and 
enhances the CRISPR–Cas adaptive immune 
response by two orders of magnitude

[104]

HypaCas9 N692A, M694A, Q695A, and H698A substi-
tutions in its REC3 domain

– Exhibits reduced off-target effects without 
compromising on-target activity

[105]

Cas9-HF1 D1135E Variant, N497A, R661A, Q695A and 
Q926A

– A high-fidelity variant harboring alterations 
designed to reduce non-specific DNA 
contacts

[106]

eCas9 (K810A/K1003A/R1060A) – Improves cleavage specificity [26]
Sniper Cas9 (F539S/K890N/M763I mutations), on DNA 

unwinding
– (F539S/K890N/M763I mutations), on DNA 

unwinding
[107]

VRER  SpCas9a D1135V, G1218R, R1335E, T1337R 
NGCG17

NGCG Enable robust editing of endogenous gene 
sites in zebra fish and human cells not cur-
rently targetable by wild-type SpCas9

[23]

VQR  SpCas9b D1135V, R1335Q, T1337R NGAN or 
NGNG17

NGAN or NGNG Enable robust editing of endogenous gene 
sites in zebra fish and human cells, reduce 
off-target activities

[23]

EQR  SpCas9b D1135E, R1335Q, T1337R NGAG17 NGAG Reduce off-target activities [23]
xCas9-3.7c A262T, R324L, S409I, E480K, E543D, 

M694I, E1219V NG, GAA, GAT18
NG GAA GAT Can recognize a broad range of PAM 

sequences including NG, GAA, and GAT 
[22]

eSpCas9 (1.0)d K810A, K1003A, R1060A NGG Reduce off-target effects and maintain robust 
on-target cleavage

[26]

eSpCas9 (1.1)d K810A, K1003A, R1060A NGG Reduce off-target effects and maintain robust 
on-target cleavage

[26]

HiFi  Cas9e R691A NGG Retained the high on-target activ-
ity of Cas9 while reducing off-target 
editing(Therapeutic Application, stem cells)

[27]

evoCas9g M495V, Y515N, K526E, R661Q NGG Improved specificity and observed no off-
target sites

[108]
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screening. GeCKO library is mainly used for identifying 
cancer cell viability [34]. The identification of genes influ-
encing the desired phenotype is often accomplished via 
genetic screening using RNA interference (RNAi) or knock-
outs. When the resulting ESC (Embryonic stem cells) mutant 
libraries were screened for resistance to either Clostridium 
septicum alpha-toxin or 6-thioguanine, 27 known and 4 pre-
viously unknown genes were found to be involved in these 
phenotypes [35]. sgRNAs recruit dCas9 (nuclease dead 
Cas9) and Cas9 effector fusion proteins to aim for specific 
loci for modulating the gene expression [36]. The recruit-
ment of dCas9 to the DNA was directed by sgRNA has been 
shown to interfere with gene transcription (CRISPRi) by 
preventing transcriptional elongation, polymerase bind-
ing, or transcription factor binding, which influence gene 
expression levels [37]. When targeted the regions upstream 
of transcriptional start sites, the sgRNA–dCas9 complex, the 
effector domain, can dictate the cellular response, resulting 
in gene repression (CRISPRi) (e.g., KRAB, SID domains) 
or gene activation (CRISPRa) (e.g., VP16, VP64, p65AD 
domains) [37, 38].

Targeting the HS2 enhancer with dCas9-KRAB fusions 
was shown to silence globin gene expression with relatively 
little off-target effects on non-targeted gene expression [39]. 
Targeting histone epigenetic modifications has been demon-
strated by epigenome editing systems. Gene activation with 
a nuclease-null dCas9 tethered to an acetyltransferase (HAT) 
enzyme that catalyzes the direct covalent modification of 
lysine residues on histone tails [40]. The other study used 
a nuclease-null dCas9 fused to the Krüpel-associated box 
(KRAB), a naturally occurring transcriptional repression 
domain involved in recruiting a heterochromatin-forming 
complex that mediates histone methylation and deacetylation 
[39]. dCas9 is fused with GFP (Green Fluorescent Protein) 
that leads to chromatin live cell imaging.

Genome Editing Technology in Animal Model

The genome editing technology based on CRISPR/Cas9 
allows for structural and functional characterization of vari-
ous diseases in animal models. By means of Cre-loxP Tech-
nology, CRISPR/Cas9-based modification of PETN muta-
tions with or without p53 mutations results in knocking out 
of PETN and P53 genes in mouse liver [41]. The oncogene 
β-catenin mutation is activated and may be transported to 
hepatocytes. This could be accomplished by incorporat-
ing the Cas9 plasmids [41]. Knocking out of Cas9 in mice 
model and lung adenocarcinoma models could be generated 
by inserting a single AAV vector containing loss-of-function 
mutations in p53, Lkb1, and Kras (G12D) mutations in the 
lung [42]. Cas9 and sgRNAs are used to target the β-catenin 
gene. These mutations in oncogenes and tumor suppressor 
genes develop a new method of using CRISPR/Cas systems 
in Cancer models. The oncogene β-catenin mutation is acti-
vated and may be transported to hepatocytes. This could be 
accomplished by coinjecting Cas9 plasmids [41]. Knocking 
of Cas9 in mice model and lung adenocarcinoma models 
could be generated by inserting a single AAV vector con-
taining loss-of-function mutations in p53, Lkb1, and Kras 
(G12D) mutations in the lung [42]. Cas9 and sgRNAs are 
used to target the β-catenin gene. These mutations in onco-
genes and tumor suppressor genes develop a new method of 
using CRISPR/Cas systems in Cancel models. Co-injection 
of Cas9 mRNA/gRNAs with mutant oligos results in gene 
knocking mice with precise point mutations in two genes 
[43]. Cointegration of Cas9mRNA and sgRNA targets the 
different genes into mice zygotes for generating mutant 
mouse having biallelic mutations [44]. Microinjection of 
mRNA encoding Cas9 and specific designed sgRNA into 
single-celled stage Zebrafish embryo [45]. Many other 
model organisms, such as Drosophila melanogaster, Cae-
norhabditis elegans, Axolotl, Xenopus tropicalis, Rattus sp., 

Table 4  Orthologs and the organisms involved in CRISPR–Cas9

Name Organism Notes References

ScCas9 Native Streptococcus canis Cas9 NNG1375 amino acids [109]
StCas9 Native Streptococcus thermophilus Cas9 NNAGAAW1121 amino acids [37]
NmCas9 Native Neisseria meningitidis Cas9 NNNNGATT1082 amino acids [110]
SaCas9 Native Staphylococcus aureus Cas9 NNGRRT1053 amino acids target ssRNA in PAM-independent manner [111]
CjCas9 Native Campylobacter jejuni Cas9 NNNVRYM984 amino acids target

ssRNA in PAM-independent manner
[112]

CasX Phyla Deltaproteobacteria and Planctomycetes TTCN980 amino acids [113]
FnCas9 Francisella novicida Cas9 Was originally shown to target bacterial mRNA and alter gene expres-

sion
[114]

RCas9 Engineered Cas9 to target RNA (nuclear-
localized RNA-targeting Cas9)

rRNA-programmable gene editing and transcriptional control applica-
tions

[115]
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and Sus barbatus, have used CRISPR–Cas9 technology for 
efficient genome engineering. The CRISPR/Cas9 system has 
been demonstrated to be an efficient and reliable method for 
targeted genome modification.

Therapeutic Applications

CRISPR/Cas9 plays the most exhilarating role in the ther-
apeutic industry for curing many genetic and infectious 
diseases. Cas9, sgRNA, and a homology-directed repair 
template were injected into mouse zygotes to correct the 
dystrophin point mutation in the germline and prevent mus-
cular dystrophy in mutant mice [46]. The researchers used 
homologous recombination to successfully adjust the cystic 
fibrosis transmembrane conductor receptor (CFTR) locus 
in the same diseased human patients cultured intestinal 
stem cells [47]. CRISPR/Cas9 technology has been used to 
assess diabetes pathogenesis precisely. To reduce lipid stor-
age in adipocytes, researchers used the CRISPRi technique 
to silence the expression of Fabp4. An Obese mouse was 
selected for this study and its body weight was reduced by 
about 20% as a part of this treatment. It has also reduced 
type 2 diabetes indicators like insulin resistance, inflam-
mation, high glucose levels, and hepatic steatosis [48]. In 
Anopheles gambiae, CRISPR/Cas9 enables the inactivation 
of the FREP1 gene. At the sporozoite and oocyst stages, 
FREP1 knockout mutants effectively suppressed infection 
with both rodent and human malaria parasites [49]. The 
CFTR mutation has been corrected in iPSCs by reprogram-
ming somatic skin fibroblasts from CF patients into embry-
onic stem cells with the CFTR/Cas9 gRNA vector [50]. 
CRISPR/Cas9 also plays a major role in preventing HIV by 
eliminating viral genes from the host cell chromosomes. A 
sgRNA expression vector targeting the long terminal repeats 
(LTR) of HIV-1 efficiently cleaves and mutates LTR target 
sites and suppresses LTR-driven viral gene expression when 
transfected into HIV-1 provirus-integrated human cells [51]. 
These findings suggest that the CRISPR–Cas9 technology 
is the budding technology of the therapeutic industry. Apart 
from therapeutic applications, CRISPR shows that gene edit-
ing technology has the potential to impact a wide range of 
sectors. Crispr could also be used for pet breeding, allergy-
free food production, the production of greener fuels, and 
pest control which are reviewed in the literature [52–55].

Cas12 Protein

The sequences extracted from Francisella novicida U112 
cultures containing Cas12a-based CRISPR loci revealed 
that mature crRNAs for Cas12a are 42–44 nucleotides long; 
with the first 19–20 nucleotides corresponding to the repeat 
sequence and the remaining 23–25 nucleotides correspond-
ing to the spacer sequence [56]. For type V systems, there 

are nearly 300,000 putative CRISPR–Cas elements. There 
is only one predicted RuvC nuclease domain in these Cas 
nucleases. Rusk (2019) discovered the type V phylogenetic 
tree to have three major branches: one with Cas12a, Cas12c, 
Cas12d, and Cas12e; a second branch with Cas12b, Cas12h, 
and Cas12i; and a third branch with small effectors such as 
Cas12g, the smallest protein with only 800 amino acids of 
all the branches [57]. Class 2 type V is further subdivided 
into the subtypes listed below (V-A, V-B, V-C, and V-U).

However, there is some uncertainty about the protein 
structure with regard to V-C and V-U. The Cpf1 protein, 
also known as Cas12a, is encoded by V-A, and its structure 
paved the way for understanding its mechanism [56]. Cas12a 
(Cpf1), the prototype of type V effectors, has two RuvC-like 
nuclease domains but lacks HNH domain. However, a recent 
structural analysis of the Cas12a–crRNA–target DNA com-
plex elucidates a second nuclease domain with a distinct fold 
that is functionally equivalent to the Cas9 HNH domain [58].

A T-rich PAM sequence that is (5′-TTN-3′) is required 
essentially when DNA is cleaved. The positively charged 
central channel of a nuclease (NUC) lobe may regulate the 
cleaving of the target strand after catalytic residue mutations 
in the RuvC domain of Cas12a in the bacterium Acidami-
nococcus sp. that inhibit the cleaving of the target and non-
target strands [59]. Cas12a (cpf1), Cas12b (C2c1), Cas12c 
(C2c3), Cas12d (CasY), and Cas12e (CasX), the latter of 
which contains a catalytic domain capable of processing 
its own mRNA. SpCas9, the PAM for Cas12 proteins, on 
the other hand, contains thymine (T)-rich sequence and is 
located at the 5' end of the target sequence. The crRNA–tar-
get complex accounted for a distorted PAM duplex with a 
narrow minor groove that serves as a site for base-specific 
contacts with amino acid side chains via van der Waals and 
hydrogen bond interactions [20].

Among the variants of Cas12, Cas12c (C2c3), which has 
a single large protein (100–200 kDa) with a catalytic RNA-
guided cleavage activity of DNA/RNA, aids in the identifica-
tion of a new Class 2 protein classified as Cas12d. Cas12c 
and Cas12d share structural similarities. Almost 23 distinct 
Cas12 varieties from microbes from various habitats have 
been reported; among these microbes, a CPR (Candidate 
phyla Radiation) bacterium possesses the CRISPR–Cas 
genome locus that encodes for a Cas12d protein [60]. 
Cas12b of type V has been primed to acquire genome editing 
in human cells. The wild-type BhCas12b cleaves the non-
target strand at 37 °C, resulting in a double-strand break. We 
gain loss-of-function mutation for the BhCas12b by modi-
fying it, which overcomes the limitation of lower editing 
inefficiency. Despite the fact that Cas12b protein is much 
smaller than Cas9 and Cas12a, the efficient cas12b nuclease 
(AacCas12b) derived from Alicyclobacillus acidoterrestris 
has optimal nuclease or cleavage activity at 48 °C [61].
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When infected, mature crRNA molecules guide the 
subtype-specific interference machinery against invading 
nucleic acids, effectively silencing foreign genetic mate-
rial. Cas12a and Cas12b cleave the DNA duplex in both 
strands shortly after the PAM site is recognized and crRNA 
binds to the target DNA, leaving staggered ends with 5- 
and 7-nt [62]. The Cas12 has two varieties namely Cas12a 
(Cpf1), cas12b (C2c1), and Cas12c (C2c2) of which C2c1 
and C2c2 contain RuvC-like endonuclease domains that 
are correlated to Cpf1. While the third system encompasses 
an effector with two predicted HEN RNase domains [63]. 
Another Cas12a, Cpf1, originating from Acidaminococcus 
sp. and recognized as AsCpf1, contains 1307 amino acids, 
which are a few amino acids shorter than SpCas9 (1368). 
The crystal structure of AsCpf1 shows that it has two main 
lobes: (a) a nuclease lobe (REC) and (b) an alpha helical 
recognition lobe (NUC) [64]. New Cas12a orthologs with 
improved crRNA scaffolds boost mammalian genome edit-
ing. Just three Cas12a orthologs have been used for mamma-
lian genome editing, and editing performance and targeting 
coverage also need to be improved [65].

CeCas12a, a novel Cas12a derived from Coprococcus 
eutactus, is an editable nuclease with higher genome editing 
efficiencies in human cells than AsCas12a and LbCas12a. 
CeCas12a has shown to be a more rigorous enzyme for PAM 
recognition both in vitro and in vivo. These orthologous 
condenses off-target edits at C-containing PAM at various 
LbCas1-related sites [66]. Mutations in the NUC domain in 
Francisella novicida resulted in incomplete inactivation of 
the target strand cleaving [67]. It was shown that the muta-
tions in the CRISPR genes of cotton crops like AsCpf1 
(S542R/K607R and S542R/K548V/N552R) and LbCpf1 
(G532R/K595R and G532R/K538V/Y542R) aid to recog-
nize TYCV and TATV PAMs [68]. The study of mutation 
in the RuvC-I motif of Cas12g1 (D513A) demonstrates the 
functional variety that emerges along with different types 
of CRISPR–Cas evolution paths and expands the CRISPR 
toolbox [69].

Applications of Cas12a

Cas12a (Formerly known as Cpf1) is used as an alternative 
genetic tool of Cas9. Dead Cas12a from Eubacterium eligens 
(EedCas12a) revealed that it exhibits greater gene repression 
in the target DNA template strand than deactivated Cas9 
from Streptococcus pyogenes (SpdCas9) [67]. It was also 
demonstrated that Cas12a’s pre-crRNA processing activity 
makes it a good candidate for multiplex gene regulation [70]. 
Different literature studies suggest that the multiplex gene 
regulation of Cas12a was observed in bacteria, plants as well 
as in mammalian [65, 66]. Cas12a can also be used as a 
replacement for Cas9 in cell types where Cas9 is toxic, such 
as some industrial strains of Streptomyces [71]. Targeted 

mutagenesis in plants can also be accomplished in vivo by 
co-expression of Cas12a and its related crRNA, as seen in 
rice. Furthermore, it was demonstrated that mutagenesis 
was more efficient when pre-crRNAs with full-length direct 
repeat sequences were used rather than mature crRNAs [72]. 
Efficient mutagenesis was also observed in soybean and wild 
tobacco via the delivery of the pre-assembled ribonucleo-
protein (RNP) particle. The RNP was constructed using 
recombinant Cas12a and in vitro transcribed or chemically 
synthesized crRNAs [67]. Correction of mutations causing 
Duchene muscular dystrophy (DMD) in patient-derived 
induced pluripotent stem cells (iPSCs) and mdx mice, a 
popular model for studying DMD. Dystrophin expression 
was restored in iPSCs following Cas12a-mediated gene edit-
ing, while corrections in the pathophysiological hallmarks 
of muscular dystrophy were observed in mdx mice [73]. The 
adenovirus vector was combined with an AsCas12a expres-
sion system, resulting in successful mutations in humanized 
mice with chimeric liver primary human hepatocytes [74]. 
Cas12a-mediated genome editing was also used to create 
rat models that resemble human atherosclerosis, and this 
system may have applications in understanding early-stage 
atherosclerosis [75].

Biotechnology and Biomedical Engineering

A massive effort is currently underway to redesign all of 
these tools for biomedical and biotechnological applications. 
However, recent research has suggested that CRISPR–Cas 
nucleases could be used in the bioengineering of smart 
materials such as hydrogels [76]. DNA encapsulates these 
water-filled polymers. Cas12a was recently used in a study 
to specifically degrade the DNA scaffold of DNA hydro-
gels, implying that this smart cutter could be turned into a 
programmable device to deliver the cargo of DNA encaged 
hydrogels in a specific location at a specific time. The cleav-
age properties of Cas12a make it an ideal candidate to pro-
mote controlled delivery of the cargo [56]. Cas12a uses a 
multi-checkpoint mechanism to ensure precise targeting of 
DNA, which is desirable in a genome editing tool in order 
to have low off-target effects [56].

Diagnosis

DETECTR, a DNA endonuclease-targeted CRISPR trans 
reporter, is a diagnostic tool that combines isothermal 
RPA with Cas12a enzymatic activity [69]. Binding of the 
crRNA–Cas12a complex to target DNA results in indiscrim-
inate cleavage of ssDNA coupled to a fluorescent reporter 
in this assay. DETECTR was used to differentiate between 
HPV16 and HPV18 in crude DNA extracts from cultured 
human cells and clinical samples [69]. DETECTR was used 
to test crude extracts from 25 human anal swab samples, 
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with the results compared to an approved PCR-based assay. 
Following DNA extraction, DETECTR was correctly identi-
fied. HPV16 and HPV18 were detected in clinical specimens 
within 1 h, with results agreeing with PCR results in 25/25 
and 23/25 samples, respectively. Cas12a has a wide range 
of applications. Currently, many studies are going on this 
genomic tool to find its more uses in research, diagnostics, 
and the health sector field.

Cas13 Protein

RNA editing has several advantages over traditional DNA 
editing technology. CRISPR/Cas13 is an example of a major 
RNA editing technology. Cas13 enzymes, unlike Cas9 and 
Cpf1, do not require a PAM sequence but do require a 
protospacer flanking site (PFS) to target RNA. However, 
LWACas13s do not require a PFS site. Cas13 enzymes 
lack the RuvC and HNH domains required for DNA cleav-
age, preventing them from directly editing the genome. A 
CRISPR/Cas13-based RNA editing system would most 
likely be reversible, avoiding genomic off-targets introduced 
by non-homologous end joining (NHEJ).

Cas13 proteins such as Cas13a, Cas13b, and Cas13c are 
found in CRISPR/Cas systems of class 2 subtype VI that 
use a single effector protein [77]. The Cas13 protein and 
CRISPR RNA (guide RNA, 60–65nt) recognize a 28–30nt 
sequence on the target RNA through a spacer sequence 
which can make up the active endoRNase. Cas13a funda-
mental studies have shown two catalytic activities [78]. 
Cas13a first catalyzes the processing of pre-crRNAs to sup-
ply mature crRNAs, the cleavage of the target RNA is inter-
vened by a separate catalytic activity. When the guide RNA 
base pairs with the target RNA, a catalytic site is formed 
between two HEPN domains of Cas13. Cas13 has several 
properties that make it an excellent candidate for an RNA-
modulating tool. To begin, Cas13 is frequently programmed 
to target potentially any RNA by changing the crRNA spacer 
sequence. Second, unlike Cas9 and Cpf1, which need an 
exact PAM (protospacer adjacent motif) to be present in 
the DNA, Cas13 (mainly Cas13b) does not need a specific 
sequence element in the target site called PFS. Third, among 
the CRISPR/Cas systems, the effector complex is one of 

the most basic. Cas13-crRNA may be a two-component 
system that is easier to control and deliver than trimeric or 
multimeric systems. Fourth, because Cas13 is responsible 
for both crRNA biogenesis and silencing, multiple crRNAs 
can be loaded simultaneously [79]. In knockdown experi-
ments, they discovered that PspCas13b is highly specific 
to on-target sequences. According to preliminary transcrip-
tomic and gene-level analyses, PspCas13b may be more spe-
cific in knockdown experiments than short-hairpin RNAs 
(shRNAs). The efficiency of silencing was also impressive, 
with 60–90% suppression [80]. However, the central seed 
tolerates single mismatches to some extent, caution may be 
required when designing guide RNAs to avoid off-target 
effects. It is unclear how some Cas13 achieve such high 
selectivity, and whether the specificity can be maintained in 
all cellular and molecular contexts (Table 5).

RNA Editing Technology of Cas13

CRISPR/Cas13 is a RNA-targeting genome editing system. 
When ssRNA get recognized, Cas13a (C2c2) gets activated 
[77]. Cas13a is derived from Leptotrichia wadei and Cas13b 
is derived from Prevotella sp. P5–125 [81]. Cas13 subtype 
Cas13a cleaves nitrogenous base uracil anywhere after bind-
ing to the target RNA. This process is known as collateral 
cleavage. This cleavage process spreads to neighboring 
untargeted RNAs. Cas13a has been found to cut specific 
target mRNAs spontaneously in both bacteria and eukary-
otic cells [77, 81]. dCas13a, a Cas13a variant, retains the 
ability to bind targeted RNA and was used for RNA imag-
ing in live cells [81]. dCas13a, like RCas9, has been tar-
geted to mRNA to visualize the formation of stress granules 
[82]. The subtypes of Cas13 endonuclease have distinctive 
functions in various animals or plant model systems. It is 
extremely difficult to design crRNA due to the large number 
of Orthologs and subtypes of cas13. LwaCas13a, PspCas13, 
and RfxCas13d have been described in the table for targeting 
RNAs of various genes in mammalian cells. The compari-
son between Cas13a, cas13b, and Cas13d shows that Rfx-
Cas143d has the most important knockdown in HEK293T 
cells [83]. LwaCas13a has been used as a model system for 

Table 5  Orthologs and the organisms involved in CRISPR Cas13

Orthologs Organism Notes References

LwaCas13a Leptotrichia wadei 0% knockdown on luciferase and endogenous transcription [90]
RfxCas13d Ruminococcus flavefaciens 80–95% mCherry reporter and endogenous transcripts [116]
PspCas13b Prevotella sp. P5–125 90–95% knockdown on luciferase reporter [117]
CasFX Fly version of CasRX Target RNA at high efficiency [118]
dCasFX Mutant CasFX (lost its nuclease 

activity)
Cannot target RNA due to mutation [119]
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plant or agriculture-based applications. It has a significant 
knockdown in rice protoplasts (Table 6).

Applications of Cas13

Research and Development

Cas13 has multiple applications in the field of research 
and development. Cas13 requires a Cas13 variant for RNA 
knockdown and to reduce off-target activity. CRISPR 
sequence of Cas13 requires mainly PFS sequence to identify 
and cleave the target RNA. The smallest Cas13 variant, also 
known as Cas13d (CasRx), is delivered by Adeno-associated 
virus vector. Cas13d does not require a PFS sequence to 
identify the target DNA. This variant of cas13d has high 
specificity and it reduces off-target activities of Cas, Cas13a 
plays a unique role in RNA imaging. The catalytically inac-
tive Cas13 (dCas13a) is bounded with GFP (Green Fluo-
rescent Protein), ZFN (Zinc finger nucleases), and KRAB 
(Kruppel-associated box domain) [78]. The fusion leads to 
the recognition of endogenous, untagged, and unmodified 

mRNA [84]. Cas13a (Formerly known as C2c2) protects 
plants from viruses over time. Cas13a codon optimization 
is required for proper protein functioning, which can reduce 
off-target activity while increasing multiplex target activities 
of RNA-targeting Cas protein [85]. Apoptosis (programmed 
cell death) is activated inside the cell by non-specific RNA 
degradation of Cas13a in response to the infection by a cel-
lular pathogen [72]. Cas13b, catalytically inactive Cas13, is 
fused with eukaryotic RNA-modifying enzyme N6-methyl-
adenosine (m6A) bounded with YTHDF1 Protein to trigger 
the assembly of translational mechanism. Cas13 variant can 
be fused with YTHDF2, which can induce RNA degrada-
tion. In this way, Cas13 regulates gene expression in eukary-
otic cells [86].

RNA Editing Technology

Another important application of inactivated Cas13 is RNA 
editing technology, REPAIRv1 (RNA Editing for Program-
mable A to I Replacement) [81]. Here, dCas13 was fused 
with human adenosine deaminase acting on RNA (ADAR) 

Table 6  Comparative analysis between Cas9, Cas12, and Cas13

Cas9 Cas12 Cas13

Type II V VI
Class 2 2 2
Targets dsDNA ssDNA RNA
Nuclease domain(s) RuvC and HNH RuvC-Nuc HEPN × 2
Subtypes II-A,B,C VA(Cpf1), B(C2c1), C(C2c3) VI-A(Cas13a/C2c2), VI-B(Cas13b), VI-

C(Cas13c), VI-D (Cas13d)
Cleavage type Blunt ended dsDNA break 5nt 5′ overhang dsDNA break ssRNA
Size 1000-1600aa 1100-1300aa 900-1300aa
Guide spacer length 18-24nt 18-25nt 52-66nt
Total guide length 100nt 42-44nt 52-66nt
PAM 3′-NGG(SpCas9), 5′-TTTN(FnCas12a) 3′-H(LasCas13a)

3′-NNGRRT(SaCas9) 5′-D
3′-NNNNGATT(NmCas9) 3′-NAN or NNA(BzCas13b)

Spacer RNA sgRNA(crRNA: tracrRNA) (Transactivat-
ing crRNA)

Mature crRNA crRNA(CRISPR RNA)
(Addgene)

Repair mechanism NHEJ (insertion and deletion) and HDR 
(have donor template, specific insertion, 
and modification)

NHEJ and HDR REPAIR (RNA editing for programmable 
A to I replacement) system, and RES-
CUE (RNA editing for specific C to U 
exchange) system

Organisms Streptococcus pyogenes, Streptococcus 
thermophiles, Staphylococcus aureus, 
Neisseria meningitides, Campylobacter 
jejuni

Francisella novicida Leptotrichia buccalis, Leptotrichia shahii, 
Ruminococcus flavefaciens, Bergeyella 
zoohelcum, Prevotella buccae, Listeria 
seeligeri

Acidaminococcus sp.
Lachnospiraceae sp.
Prevotella sp.

Applications Have high genome editing efficiency Used in epigenome editing Used as very efficient diagnostic tool and 
majorly used in Therapeutic Industry

CRISPR/Cas-based 
disease detection 
method

RAY detection technology, FELUDA 
detection Technology

DETECTR Technology SHERLOCK Technology
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enzymes called ADAR1 and ADAR2. The programmable 
replacement of adenosine with inosine has been recognized 
as guanine during complementary base pairing. The replace-
ment of A to I causes temporary alteration of translation of a 
selected gene. The specificity of this system is improved by 
REPAIRv2, which introduces a mutation within the ADAR2 
enzyme [81].

Diagnosis

An emerging application of Cas13 in the field of diagno-
sis is SHERLOCK (Specific High-Sensitivity Enzymatic 
Reporter unLOCKing) Technology. This can be used for 
in vitro detection of DNA and RNA in a sample [87]. In 
this method sample, the nucleic acid is amplified to dsDNA 
by recombinase polymerase. Here, RNA sample undergoes 
reverse transcription and produces dsDNA, which serves as a 
template of T7 polymerase that produces ssRNA transcripts. 
Cas13 scans those ssRNA transcripts. The activated Cas13 
cleaves the reporter upon recognition and releases the signal. 
SHERLOCK Technology is a highly sensitive and effective 
diagnostic technique used for the detection of Zika and den-
gue viruses [87]. The improved version of SHERLOCK was 
SHERLOCKv2. This was a multiplex detection method [88]. 
Multiple variants of Cas13 prefer different motifs of RNA 
of nt sequences AU, AC, UC, or GA. Different reporters 
can be used to detect various RNA in the sample. SHER-
LOCKv2 uses a Csm6 protein that is allosterically activated 
by Cas13 via cyclic oligoadenylates upon its own activation 
to improve signal strength. The combination of Csm6 and 
Cas13 collateral RNA cleavage results in a stronger signal 
from cleaved reporters [88].

Role of CRISPR/Cas System in COVID‑19

A CRISPR/Cas12-based diagnostic method for the detection 
of the COVID-19 virus has been developed called SARS_
Cov2 DETECTR. The total detection time is around 40 min 
and it has 95% accuracy. This assay has been started with 
RNA extraction, then reverse transcription and isothermal 
amplification by using RT_LAMP. Cas12 and guide RNA 
target E (Envelope) and N (Nucleoprotein) gene of SARS-
Cov2. This assay also includes a laminar flow strip for visual 
readouts, with a single band close to where the sample was 
applied indicating a negative test and two higher bands or 
a single higher band indicating cleavage of the fluorescent 
probe and thus positive for SARS-Cov2 [89]. By the recently 
discovered RNA-guided RNA-targeting endonuclease, 
Cas13 can be used as a potential therapeutic tool against 
COVID-19.PAC_MAN (Prophylactic Antiviral CRISPR in 
human cells).

PAC-MAN (Prophylactic Antiviral CRISPR in 
huMAN cells) was created using the Ruminococcus 

flavefaciens-derived VI-D CRISPR–Cas13d variant, which 
was chosen for its small size, which allows for easier pack-
aging in viral vehicles, high specificity, and strong cata-
lytic activity in human cells. Given the evidence indicating 
relatively high mutation and recombination rates of SARS-
CoV-2, this technique was developed to simultaneously tar-
get multiple regions for RNA degradation, paving the way 
for a much-needed pan coronavirus targeting strategy [90].

Future Prospects

CRISPR–Cas technology is transforming the new face of 
research. As compared with the other genome editing tools, 
it is very cheap, feasible, and more efficient in manipulat-
ing the genes. Many of the future challenges in the field of 
research, medicine, or agriculture are mainly depend on this 
technology from simple organisms to complex organisms 
also from targeting one gene to multiple genes. Although 
this technology has a lot of promise for medicinal develop-
ment, efficacy and long-term safety are still major problems 
in clinical trials. Off-target editing, massive DNA deletions, 
and other rearrangements are all serious safety concerns that 
have yet to be effectively addressed in preclinical research. 
Recent studies have shown that CRISPR/Cas9-mediated 
in vivo genome editing of disease genes can improve dis-
ease phenotype and pathology in animal models without 
causing serious side effects [91]. Meanwhile, researchers 
have been contributing towards the significant progress in 
the CRISPR–Cas system to increase the target specificity 
effectively.

Technological and ethical concerns are still present, 
which makes an impact on not having the next level of dis-
coveries. But it has the potential to eradicate genetic disor-
ders, making non-pathogens, bringing back extinct species, 
treating invasive diseases, etc. Continuing the research will 
have clear, precise information about the CRISPR–Cas sys-
tem, and more advancement could occur in the near future. 
Human genome editing for reproductive purposes, according 
to bioethicists and experts, should not be tried at this time, 
but work to make gene therapy safe and successful should 
continue. The National Academy of Sciences, National 
Academy of Medicine, Chinese Academy of Sciences, and 
the Royal Society of the United Kingdom call together an 
international summit to discuss recent scientific advances in 
human gene editing as well as the range of ethical and gov-
ernance issues that these advances raise. Most of the biotech 
startup has already started working on this system and have a 
hope to improvise also to develop the cutting-edge research 
and innovations. The possibilities of keen understanding will 
create excitement among sciences to develop novel strategies 
in the genome editing approach.
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