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Abstract: The bacteria-derived CRISPR/Cas (an acronym for regularly interspaced short palindromic
repeats/CRISPR-associated protein) system is currently the most widely used, versatile, and conve-
nient tool for genome engineering. CRISPR/Cas-based technologies have been applied to disease
modeling, gene therapies, transcriptional modulation, and diagnostics. Nevertheless, some chal-
lenges remain, such as the risk of immunological reactions or off-target effects. To overcome these
problems, many new methods and CRISPR/Cas-based tools have been developed. In this review, we
describe the current classification of CRISPR systems and new precise genome-editing technologies,
summarize the latest applications of this technique in several fields of research, and, finally, discuss
CRISPR/Cas system limitations, ethical issues, and challenges.

Keywords: CRISPR/Cas9 system; CRISPR classification; Cas9 nuclease; Cas12a nuclease;
Cas13a nuclease; genome editing; base editors; prime editors

1. Introduction

The CRISPR/Cas (an acronym for regularly interspaced short palindromic
repeats/CRISPR-associated protein) system revolutionized genetic engineering research by
significantly improving the efficiency and accuracy of genome editing. The CRISPR/Cas
system was initially discovered in bacteria and archaea as an adaptive prokaryotic im-
mune system to defend against invasive nucleic acids from phages or plasmids [1]. The
CRISPR-mediated response involves three main stages: (i) spacer acquisition (adaptation),
(ii) CRISPR RNA (crRNA) expression and maturation, (iii) and interference of invading
DNA. All stages were described in detail in our previous publication [2]. In the type II
CRISPR/Cas9 system, Cas9 protein, driven by specificity-determining crRNA and auxiliary
trans-activating RNA (tracrRNA), binds to foreign nucleic acid and cleaves both DNA
strands. In 2012, Doudna and Charpentier demonstrated that Cas9 protein with crRNA and
tracrRNA can generate double-strand breaks (DSB) into the target DNA sequence, enabling
precise genome editing [3]. For this achievement, they were awarded the 2020 Nobel Prize
in Chemistry. Although several site-specific nucleases can introduce defined alterations in
the genome, CRISPR/Cas technology’s features, such as simplicity, low costs, high accuracy,
and efficiency, have made it the most widely used tool for manipulating DNA. Many new
types/subtypes of CRISPR systems are known, and many CRISPR/Cas-based methods
and tools for genome engineering have been developed. The most important of them will
be described in this manuscript.

2. CRISPR Systems Classification

The CRISPR systems have been categorized into two classes, six types, and 33 subtypes.
The class 1 CRISPR/Cas system includes types I, III, and IV and involves multiple Cas
proteins, whereas the class 2 system, which includes types II, V, and VI, only utilizes a
single effector protein with multiple domains [4]. The classification of CRISPR/Cas systems
is summarized in Table 1. Types I, II, and V systems recognize and cleave DNA, type VI
targets RNA, and type III cuts DNA and RNA.
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Table 1. Characteristics of different types of CRISPR/Cas systems.

Class Type Subtypes Effector Complex tracrRNA Signature Protein Target Substrate

1
I A, B, C, D, E, F, G multiple subunits no Cas3 DNA

III A, B, C, D, E, F, multiple subunits no Cas10 DNA/RNA
IV A, B, C multiple subunits no unknown unknown

2
II A, B, C single unit yes Cas9 DNA
V A, B, C, D, E, F, G, H, I, K, U single unit yes 1 Cas12 DNA/RNA 2

VI A, B, C, D single unit no Cas13 RNA
1 For subtypes: B, E, F, G, K. 2 For subtype V-G.

Type I is currently divided into seven subtypes, I-A to I-G; there are three distinct
variants of the I-F subtype (I-F1, I-F2, and I-F3). The type I interference system uses
the multiprotein complex termed the CRISPR-associated complex for antiviral defense
(Cascade). In the type I-E system, Cascade is composed of Cse1 (Cas8), Cse2 (Cas11), Cas7,
Cas5, and Cas6 proteins [4]. Recognition of target DNA by the crRNA-guided Cascade
complex results in the recruitment of the Cas3 protein and degradation of the DNA.

According to the current classification, type II CRISPR/Cas systems include three
subtypes, II-A to II-C; the II-C subtype has to variants (II-C1, II-C2) [4]. The type II system is
based on using a single large multidomain Cas9 protein as the effector complex. Moreover,
all type II CRISPR/Cas loci contain cas1 and cas2 genes (essential for the CRISPR adaptation)
and tracrRNA (noncoding RNA, required to mature the long pre-crRNA and for interactions
with Cas9 protein). The crRNA–tracrRNA–Cas9 protein complex is able to recognize and
cleave the target DNA sequences. Cas9 protein contains the HNH- and RuvC-like nuclease
domains, which are responsible for cleavage of the complementary and noncomplementary
DNA strands, respectively. The presence of a protospacer adjacent motif (PAM), usually
2–6 bp, downstream of the target sequence is necessary for the Cas9-mediated cleavage
and ensures the distinction between self and foreign DNA, thus preventing CRISPR locus
targeting [5].

CRISPR/Cas type III systems are the most complex prokaryotic immune systems and
utilize multi-subunit effector complexes to cleave both invading RNA and DNA. Type III
systems have been classified into six subtypes: III-A to III-F [4]. These type III systems
contain the gene encoding Cas10 multidomain protein with N-terminal histidine-aspartate
(HD) nuclease domain (several subtypes) and two Palm domains (a form of the RNA
recognition motif). The HD domain is responsible for nonspecific single-stranded DNA
(ssDNA) cleavage activity, whereas the Palm domain catalyzes the conversion of ATP to
cyclic oligonucleotides (cOAs) when the type III crRNA-guided effector complex recognizes
the target RNA. The cOAs activate the Csm6 protein, which nonspecifically degrades RNA
molecules [6].

Type IV CRISPR/Cas systems are divided into three distinct subtypes: IV-A, IV-B,
and IV-C; however, their specific function is still poorly characterized [4]. Type IV lacks
adaptation genes such as cas1, cas2, and cas4. All type IV systems contain Cas7 protein
(also called Csf2) and Cas5 protein (also called Csf3), which are part of the multi-subunit
complex. The subtype IV-A contains Cas6-like protein and DinG helicase, whereas subtype
IV-A and subtype IV-B encode Cas8-like protein. Furthermore, subtype IV-B possesses
a cysH-like gene from the family of phosphoadenosine phosphosulfate reductases, and
subtype IV-C has a large subunit with a putative HD-nuclease domain [7].

Type V CRISPR/Cas systems include many subtypes (V-A to V-I, V-K, and V-U)
with diverse functions [4]. V-type systems are classified based on the presence of the
versatile Cas12 protein. The Cas12a ortholog (previously known as Cpf1) requires only the
crRNAs to recognize the target DNA strand with PAM sequences (for the Acidaminococcus
sp. Cas12a: TTTV, where V is A, C, or G) and generate DSBs [8,9]. Cas12a cleaves the
noncomplementary and complementary strands of the targeted sequence via its active
RuvC nuclease domain and produces staggered DSB. Cas12a exhibits RNase III activity,
does not require a tracrRNA, and is able to generate mature crRNA [8].
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Type VI CRISPR/Cas systems have been identified and divided into four subtypes:
VI-A to VI-D; furthermore, there are two variants of the VI-B subtype (VI-B1, VI-B2) [4].
Type VI contains a single effector Cas13 protein (C2c2) with the two Higher Eukaryotes and
Prokaryotes Nucleotide-binding (HEPN) domains. Cas13 enzyme, together with crRNA,
forms an RNA-guided effector complex (tracrRNA is not required) capable of recognizing
and cleaving single-stranded RNA (ssRNA) target sequences [10].

3. Double-Strand Break Repair

Precise genome editing is possible thanks to the introduction of DNA double-strand
breaks (DSBs) into the target sequence. The two main pathways of DSB repair include non-
homologous end joining (NHEJ) and homology-directed repair (HDR). NHEJ represents the
predominant repair mechanism in mammalian cells; it directly ligates DNA ends without
a homologous donor template. This error-prone process often leads to the generation of
small nucleotide insertions and deletions (indels) at the DSB site, which disrupts the DNA
sequence and may be used for genetic knockout. In turn, HDR is a precise repair pathway
that requires a donor DNA template with homology regions. The repair template, con-
taining the desired sequence, may be provided as single-stranded oligodeoxynucleotides
(ssODNs) or double-stranded DNA (dsDNA), and can introduce precise point mutations,
correct a mutant gene to wild-type form, or insert genes of interest. Homology-directed
repair provides accurate genome editing, but its efficiency is generally low. HDR can occur
in the S and G2 phases of the cell cycle when sister chromatids are present in the cell and
can be used as a repair template. The exogenous donor DNA is delivered in large amounts,
so it is used more often than the sister chromatids in the repair process. HDR and NHEJ
repair pathways play an essential role in CRISPR/Cas-mediated genome editing [11,12].

4. Engineered CRISPR/Cas Systems
4.1. CRISPR/Cas9

Among different types of CRISPR/Cas systems, the type II system (belonging to
class 2) is the most widely used in genetic engineering due to its simplicity, versatility,
and efficiency [2]. In the laboratory, engineered CRISPR/Cas9 technology comprises two
main components: a single guide RNA (sgRNA) and Cas9 protein. The sgRNA is a short
synthetic RNA created by fusing the tracrRNA and crRNA with, usually, 20 nucleotides
complementary to the target sequence. The target DNA should be unique compared
to the rest of the genome and should be immediately adjacent to the PAM site in the
genome (for Streptococcus pyogenes, SpCas9: 5′-NGG-3′, where N is A, C, T, or G). The
RNA-guided Cas9 enzyme, with two active HNH and RuvC nuclease domains, cleaves
a target DNA sequence and generates DSB in the gene of interest [3]. Moreover, by
introducing a single Cas9 protein and two or more sgRNAs, the CRISPR/Cas9 technology
also allows for multiplex genome editing [13]. CRISPR multiplexing can be used for
modifying multiple genes at once or deletion of large genomic regions. However, it
was shown that SpCas9 can tolerate some mismatches between the guide RNA and the
target DNA, resulting in off-target editing, which is still one of the significant issues in
clinical applications of this system [14,15]. Therefore, Cas9 protein optimization focuses
on improving the target specificity and increasing the clinical safety of Cas9. Currently,
numerous high-fidelity Cas9 variants have been engineered or developed, such as SpCas9-
HF1 [16], HiFiCas9 [17], evoCas9 [18], eSpCas9 [19], HypaCas9 [20], Sniper-Cas9 [21], and
xCas9 3.7 [22]. However, the increased fidelity of these variants is usually associated with
decreased editing efficiency [23]. It is also of importance that the number of available
genome-editing sites for the most widely used Streptococcus pyogenes Cas9 protein is limited
by the protein’s dependence on the PAM sequence (5′-NGG-3′). For this reason, additional
Cas9 orthologs from various microorganisms that recognize different PAM sequences
were discovered. This includes the SaCas9 protein derived from Staphylococcus aureus [24],
CjCas9 from Campylobacter jejuni [25], FnCas9 from Francisella novicida [26], StCas9 from
Streptococcus thermophiles [27], and NmCas9 from Neisseria meningitides [28]. Additionally,
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Cas9 variants with altered PAM compatibility were also developed, e.g., xCas9 [22], SpCas9-
NG [29], SpRY [30], Cas9-EQR, and Cas9-VQR [31].

4.2. CRISPR/Cas12a

Another class 2 CRISPR/Cas system used in genetic engineering is type V, with the
Cas12a nuclease. Unlike the Cas9 enzyme, Cas12a uses only one active RuvC catalytic
domain to cleave both strands of the target dsDNA. Moreover, Cas12a recognizes T-rich
PAM sequences, expanding the species and number of possible target sites compared to
Cas9 with G-rich PAM. Engineered Cas12a for DNA binding and cleavage requires only
the crRNA molecule with a 23 nt guide sequence [8]. As a result, the guide RNA from
the CRISPR/Cas12a system is smaller (~43 nt in length) than sgRNA from CRISPR/Cas9
(~101 nt in length), which makes its chemical synthesis cheaper [32]. The activity of
the Cas12a protein for pre-crRNA processing makes Cas12a ideal for multiplex genome
engineering by a single transcript encoding multiple guide RNAs [33]. Furthermore, the
DSB with sticky ends generated by Cas12a could provide an effective way to increase the
efficiency of HDR-mediated insertion [8]. Cas12a protein seems to be more sensitive to
nonseed mismatches than Cas9 and therefore is considered to induce less of an off-target
effect and to be potentially safer for clinical use [34,35]. However, a limitation of this system
is the low editing efficiency found in some studies [36,37].

4.3. CRISPR/Cas13a

The type VI CRISPR/Cas13 system is an example of an important tool for RNA editing.
It was demonstrated that the Cas13a ortholog from the VI-A subtype, guided by crRNA
containing a 28 nt spacer sequence, can specifically and efficiently cleave target single-
stranded RNA (ssRNA) [38]. Unlike Cas9 and Cas12a, which require a PAM sequence,
Cas13a recognizes the nucleotides adjacent to the target protospacer sequence at the 3′-end,
known as the protospacer flanking site (PFS), and consists of a single A, U, or C. The guide
RNA–target RNA duplex formation activates the catalytic site between the HEPN1 and
HEPN2 domains of Cas13a protein, which subsequently cleaves the target sequence of
ssRNA. Cas13a can tolerate single-nucleotide mismatches between the crRNA and target
sequence, but double mismatches reduce the cleavage efficiency of the Cas13a enzyme [39].

5. Base Editing

Along with the development of Cas enzymes, new tools have been discovered for
precise base editing without double-strand breaks or exogenous DNA templates. Base
editors are constructed by fusing deaminase with Cas9 nickase (Cas9n, Cas9 with either
the HNH or RuvC domain inactivated, generates single-strand breaks) or catalytically
inactive “dead” Cas9 (dCas9) and allow the generation of precise point mutations in a
targeted sequence through single base conversions. There are currently two widely used
base editors: cytosine base editor (CBEs) and adenine base editor (ABEs).

CBEs enable the conversion of cytosines to thymines (C→T). The first-generation
CBE (CBE1) complex, containing sgRNA-guided dCas9 fused to cytidine deaminase en-
zyme, recognizes the target DNA sequence, its dCas9 performs local denaturation of the
double-stranded DNA to R-loop formation, and it exposes a short stretch of ssDNA in
the noncomplementary strand for the deaminase. The cytidine deaminase removes an
amino group from cytosine, converting it to uracil and causing a U–G mismatch. The DNA
polymerase interprets uracil as thymine and pairs it with adenine. Ultimately, a T: A base
pair is achieved [40]. The main obstacle of this system is the base excision repair (BER)
cellular mechanism, which recognizes and eliminates uracil by the enzyme uracil DNA
glycosylase (UDG), resulting in reversion of G: U to the original G: C pair and poor editing
efficiency. To overcome this problem, the second-generation CBEs (CBE2) were developed
with an additional uracil glycosylase inhibitor (UGI), which prevents the removal of the
uracil base by inhibiting the action of UDG [40]. Moreover, the improvement of editing
efficiency was achieved by replacing dCas9 with Cas9 nickase (Cas9n) fused to cytidine
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deaminase and one (third-generation CBE, CBE3) or two (fourth-generation CBE, CBE4)
UGI molecules [41].

Adenine base editors work very similarly but are based on the activity of adenosine
deaminase instead of the cytidine deaminase in CBEs. Because naturally occurring adenine
deaminase cannot edit DNA, it was necessary to create E. coli-derived engineered transfer
RNA adenosine deaminase (TadA) [42]. Moreover, it was demonstrated that the higher
efficiency of deamination of adenine in DNA can be obtained through the use of mutated
TadA (TadA*) and one wild-type enzyme (TadA–TadA* heterodimer). Finally, the ABE
system consists of sgRNA-guided, catalytically impaired Cas9 nickase fused to engineered
TadA–TadA* and catalyzes specific A-to-G conversions (A→G). The TadA–TadA* het-
erodimer deaminates adenine to inosine, which is read as G by the cell and pairs with C
during DNA replication. Since G–C to A–T mutations are the most frequently reported
pathogenic point mutations, ABE is especially important for therapeutics.

CBE and ABE enable 4 out of 12 possible base substitutions (purine to purine or
pyrimidine to pyrimidine). Recently, C-to-G base editors (CGBE) and adenine transversion
base editors (AYBE, Y = C or T base) were developed. CGBEs are created by fusing Cas9
nickase to cytidine deaminase (as in CBE) and uracil-DNA glycosylase (UNG) [43,44]. In
this system, UNG removes the uracil base generated by cytosine deaminase and leaves an
abasic site (apurinic/apyrimidinic site, AP site), which initiates the DNA repair process,
leading to the insertion of G at the AP site. A similar strategy was also used for an adenine
transversion base editor for effective A-to-T and A-to-C editing. Tong et al. constructed
the AYBE by fusing an ABE with hypoxanthine excision protein N-methylpurine DNA
glycosylase (MPG) [45]. MPG induces hypoxanthine group excision from the inosine
generated by ABE and creates the AP site, resulting in the transversion of adenine. Further
improvement of AYBE variants increased transversion editing activity to 72% for A-to-T or
A-to-C editing [45].

6. Prime Editing

Although base editors can efficiently perform the base conversions C→T and A→G,
the problem of other base conversions and small fragment insertion and deletion remains.
In 2019, David Liu and coworkers described a new method of genome-editing technology,
called the prime editing (PE) system, which enables all types of nucleotide conversions,
targeted insertions, and deletions without an exogenous DNA template or double-strand
breaks [46]. The prime editing method consists of Cas9 nickase with a reverse transcriptase
(RT) derived from Moloney murine leukemia virus (M-MLV) and prime editing guide
RNA (pegRNA). The pegRNA contains sgRNAs for recognizing the target sequence in
the genome, primer binding site (PBS) for initiation of reverse transcription, and RNA
donor sequence for the reverse transcriptase encoding the desired edit. RNA-guided Cas9
nickase introduces a single-strand nick at the noncomplementary strand of the DNA (PAM-
containing strand) to expose a 3′ OH group that hybridizes with the PBS in the pegRNA,
allowing the initiation of reverse transcription by the RT. The associated RT extends the
3′ flap by copying the edit sequence of the pegRNA, resulting in the formation of two
intermediate, redundant ssDNA structures: the 3′ flap that contains the edited sequence
and the original, unedited 5′ flap sequence. These 3’ and 5’ DNA flaps compete with
each other. Although the non-edited 5′-flap is thermodynamically favored to hybridize
with the complementary strand, it is degraded by cellular endonucleases, leading to the
incorporation of the edited 3′ flap. The formed heteroduplex DNA, containing edited and
non-edited strands, is resolved, and the desired modification is introduced into both DNA
strands by ligation and DNA mismatch repair (MMR) [46].

In their publication, Anzalone et al. demonstrated three different versions of the prime
editing technology: PE1, PE2, and PE3 (the first has been described above). PE2 contains
engineered M-MLV RT, which increases genome-editing efficiency, whereas PE3 uses an
additional sgRNA to induce a nick in the non-edited DNA strand by Cas9 nickase. Cutting
the unedited strand causes the edited strand to be utilized as a template to repair a single-
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strand break, resulting in the permanent incorporation of the desired change on both DNA
strands [46]. Although the use of the PE3 system increased the editing efficiency because
both strands were cut at about the same time, an unwanted-indels problem appeared.
Therefore, the PE3b version was developed that utilizes an edit-specific nicking sgRNA
with a spacer that recognizes only the edited strand to reduce the indels in the non-edited
DNA strand and prevents sgRNA nicking until after edited-strand-flap resolution [46].
Moreover, Chen et al. demonstrated that the inhibition of MMR enhanced the efficiency
of PE and optimized the PE2 and PE3 systems by introducing a dominant negative MMR
protein (MLH1dn) to generate the efficient prime editors PE4 and PE5, respectively [47].

The prime editing system was demonstrated to be more effective than CRISPR/Cas9-
mediated HDR and revealed significantly fewer off-target effects than Cas9 [46]. Compared
to base editing, PE offers all possible base conversions. However, prime editors cannot
be used for large DNA insertions or deletions, while CRISPR/Cas9 systems can. The
advantages and disadvantages of the PE, BE, and CRISPR/Cas9 systems are presented in
Table 2.

Table 2. The comparison of the CRISPR/Cas9 system, base editor, and prime editor.

CRISPR/Cas9
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Cutting the unedited strand causes the edited strand to be utilized as a template to repair 
a single-strand break, resulting in the permanent incorporation of the desired change on 
both DNA strands [46]. Although the use of the PE3 system increased the editing effi-
ciency because both strands were cut at about the same time, an unwanted-indels problem 
appeared. Therefore, the PE3b version was developed that utilizes an edit-specific nicking 
sgRNA with a spacer that recognizes only the edited strand to reduce the indels in the 
non-edited DNA strand and prevents sgRNA nicking until after edited-strand-flap reso-
lution [46]. Moreover, Chen et al. demonstrated that the inhibition of MMR enhanced the 
efficiency of PE and optimized the PE2 and PE3 systems by introducing a dominant neg-
ative MMR protein (MLH1dn) to generate the efficient prime editors PE4 and PE5, respec-
tively [47]. 

The prime editing system was demonstrated to be more effective than CRISPR/Cas9-
mediated HDR and revealed significantly fewer off-target effects than Cas9 [46]. Com-
pared to base editing, PE offers all possible base conversions. However, prime editors can-
not be used for large DNA insertions or deletions, while CRISPR/Cas9 systems can. The 
advantages and disadvantages of the PE, BE, and CRISPR/Cas9 systems are presented in 
Table 2. 

Table 2. The comparison of the CRISPR/Cas9 system, base editor, and prime editor. 

 

CRISPR/Cas9 

 

Base Editor 

 

Prime Editor 

 

Components 

• Cas9 nuclease 
• sgRNA 
• Donor DNA (for 
HDR) 

• Fusion of dCas9 or 
Cas9n and deaminase 
• sgRNA 

• Fusion of Cas9n and 
reverse transcriptase 
• pegRNA 

DNA breaks • DSB • SSB (for Cas9n) • SSB 

Possible modifications 

• All precise modifica-
tions 
• Large DNA insertions 
or deletions 

• Transition mutations 
(C→T, G→A, A→G, 
and T→C) 

• All precise modifica-
tions 

Advantages 

• High cleavage effi-
ciency of Cas9 
• Possibility of intro-
ducing large DNA in-
sertions (transgenes) or 
large deletions 

• Fewer indel byprod-
ucts than CRISPR/Cas9 
or prime editors 
• High editing effi-
ciency 

• More targeting flexi-
bility than base editors 
(all types of base con-
version and small dele-
tions and insertions) 
• High editing precision 

Potential obstacles 

• Low-efficiency homol-
ogous recombination 
processes 
• Off-target cleavage 

• Transversion, inser-
tion, and deletion are 
not possible 
• May induce off-target 
mutations in both DNA 
and RNA 

• Potential tran-
scriptomic dysregula-
tion 
• Relatively low editing 
efficiency 

Components
• Cas9 nuclease
• sgRNA
• Donor DNA (for HDR)

• Fusion of dCas9 or Cas9n
and deaminase

• sgRNA

• Fusion of Cas9n and
reverse transcriptase

• pegRNA

DNA breaks • DSB • SSB (for Cas9n) • SSB

Possible modifications
• All precise modifications
• Large DNA insertions or

deletions

• Transition mutations
(C→T, G→A, A→G, and
T→C)

• All precise modifications

Advantages

• High cleavage efficiency of
Cas9

• Possibility of introducing
large DNA insertions
(transgenes) or large
deletions

• Fewer indel byproducts
than CRISPR/Cas9 or
prime editors

• High editing efficiency

• More targeting flexibility
than base editors (all types
of base conversion and
small deletions and
insertions)

• High editing precision

Potential obstacles
• Low-efficiency homologous

recombination processes
• Off-target cleavage

• Transversion, insertion,
and deletion are not
possible

• May induce off-target
mutations in both DNA
and RNA

• Bystander editing

• Potential transcriptomic
dysregulation

• Relatively low editing
efficiency

7. Applications

The discovery of the CRISPR/Cas system has opened many avenues of research
for targeting specific genes, amongst which the most important for human life seem
to be human disease treatment, molecular diagnostics for infectious diseases, and food
production. Clinical tests or applications of CRISPR/Cas9 systems can be categorized
into two classes of therapeutic usages: ex vivo and in vivo. For ex vivo applications, a
patient’s cells are isolated, manually edited, and delivered back to the same patient. The ex
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vivo gene-editing method has three potential clinical applications: cancer immunotherapy,
treatment of hereditary diseases, and viral infection inhibition. CRISPR/Cas9-mediated
editing has been used to knock out the PDCD1 gene encoding programmed cell death-1
(PD-1) as well as both the PD-1 gene and TRAC and TRBC genes encoding the endogenous
T cell receptor (TCR) chains in human T cells. A phase 1 clinical trial of CRISPR/Cas9
gene-edited human T cells in non-small-cell lung cancer treatment demonstrated promising
results for cancer immunotherapy [48,49]. The targeting of the B-cell Lymphoma 11A
(BCL11A) gene in hematopoietic stem cells (HSCs) is suggested for patients suffering from
sickle cell disease (SCD) and β-thalassemia. Gene-edited HSCs were infused into patient
bodies with promising results [50]. Moreover, CRISPR/Cas9 gene-editing technology for
the treatment of cystic fibrosis (CF) and Duchenne muscular dystrophy (DMD) is in the
early stages of development [51,52].

Similarly, CRISPR/Cas9 could also be used to treat infectious diseases caused by
microorganisms and viruses, including HIV treatment. The genome-editing system can
be used in order to silence virus activity. The CRISPR/Cas9-mediated CCR5 ablation
was achieved in human HSPCs and resulted in resistance to HIV-1 infection after being
transplanted into mice [53]. Transplantation of CCR5-ablated HSPCs into a patient with
HIV-1 infection and acute lymphoblastic leukemia resulted in complete remission for
19 months after transplantation, during which time the cells with the modified CCR5
gene persisted, and the CCR5 disruption ranged from 5.20 to 8.28% in bone marrow cells.
However, the efficiency of the response was not adequate to achieve the target of a cure
for HIV-1 infection [54]. Alternatively, the HIV-1 genome can be excised from the infected
cells, as was shown by Yin et al. [55]. Efficient excision of the HIV-1 provirus and reduced
viral RNA expression in several organs/tissues was observed in the mice model after
intravenous injection. The gene construct contains the combination of sgRNAs targeting
the LTRs, Gag, or Pol viral structural genes and Staphylococcus aureus Cas9 in the AAV vector.
In 2021, Kafrelsheikh University announced a phase 1/2 trial (ClinicalTrials.gov number
NCT04990557; accessed on 25 August 2023) to assess the safety of PD-1 and ACE2 knockout
engineered T cells as genetically modified memory T cells capable of providing long-term
immunity against COVID-19 by remembering and killing the virus if it is reintroduced.
The genetically modified T lymphocytes will be selected, expanded ex vivo, and infused
into patients (data not published).

In 2020, CRISPR/Cas9 was used in vivo for the first time. The components of the
CRISPR/Cas9 system introduced into the genome of a virus were injected directly into the
eye, near photoreceptor cells, to delete a mutation in the CEP290 gene that is responsible
for Leber’s congenital amaurosis 10 (LCA10) [56]. The most important clinical applications
of CRISPR/Cas9 genome editing are presented in Table 3.

Table 3. Examples of CRISPR/Cas9 application in ex vivo and in vivo clinical trials.

Disease Entity
Class of

Therapeutic
Usage

Application
Gene Construct

Delivery Method/Phase
of Clinical Trial

Targeted Gene/Cell
Type References

Metastatic
non-small-cell

lung cancer
Ex vivo Cancer immunotherapy

Electroporation/phase 1
(ClinicalTrials.gov

number NCT03399448)

Knockout of the PD-1
gene or TRAC, TRBC,

and PD-1 genes in T cells
[48,49]

Sickle cell
anemia

β-thalassemia
Ex vivo Hereditary disease

Electroporation/phase
2/3 (ClinicalTrials.gov
number NCT03655678)

Knockout of the B-cell
Lymphoma 11A

(BCL11A) gene in
hematopoietic

stem/progenitor cells
(HSPCs)

[50]
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Table 3. Cont.

Disease Entity
Class of

Therapeutic
Usage

Application
Gene Construct

Delivery Method/Phase
of Clinical Trial

Targeted Gene/Cell
Type References

AIDS Ex vivo Viral replication
inhibition

HSPC
transplantation/not

applicable
(ClinicalTrials.gov

number NCT03164135)

Knockout of the CCR5
gene in HSPCs [53,54]

AIDS In vivo HIV-1 proviral DNA
excision

Intravenous
injection/mice model

Excision of the HIV-1
provirus and reduced

viral RNA expression in
several organs/tissues

in mice model

[55]

COVID-19
respiratory
infection

Ex vivo
Induction of long-term

immunity against
COVID-19

Phase 1/2
(ClinicalTrials.Gov

number NTC04990557)

PD-1 and ACE2
knockout T cells

Not
published

Leber’s
congenital

amaurosis 10
In vivo Hereditary disease into

the subretinal space Direct injection CEP290 gene [56]

The scope and capabilities of genome editing based on CRISPR/Cas9 nuclease might
be expanded by using the base editing or prime editing method. In 2016, the first cy-
tosine base editor (CBE) was used to convert C→G base pairs to T→A base pairs. Ko-
mor et al. manipulated the cellular DNA repair response to favor desired base editing
outcomes, resulting in a permanent correction of ∼15–75% of total cellular DNA with
minimal (typically ≤ 1%) indel formation in four transformed human and murine cell
lines [40]. In 2017, adenine base editors (ABEs) were engineered and used to convert target
A→T to G→C base pairs efficiently (~50% in human cells) with meager rates of indels
(typically ≤ 0.1%) [42]. The base editing method enables the direct, programmable intro-
duction of all four transition mutations without double-stranded DNA cleavage and much
lower off-targets than the Cas9 nuclease-based method. According to Anzalone et al. (2019),
prime editing can correct up to 89% of known genetic variants associated with human
diseases. They showed that prime editing enables a variety of precise DNA edits at a wide
range of positions, including all four transition point mutations, all eight transversion point
mutations, insertions (up to 44 bp), deletions (up to 80 bp), and combinations of the above
with a higher or similar efficiency and a much lower number of off-targets in comparison
to Cas9 nuclease [46]. Recently developed base editors and prime editors enabled precise
gene correction and disease rescue in multiple preclinical models of genetic disorders.
Examples of therapeutic in vivo base editing and prime editing were reviewed by Newby
and Liu [57].

The CRISPR/Cas12 and CRISPR/Cas13 platforms have become an essential tool in
molecular diagnostics to detect specific RNA or DNA sequences derived from bacteria or
viruses responsible for infectious diseases. Recombinase-mediated polymerase preamplifi-
cation of DNA or RNA and subsequent Cas13- or Cas12-mediated detection via fluorescent
and colorimetric readouts improved the sensitivity and specificity and reduced the time,
cost, and required instruments [58,59]. In 2020, the first tool to diagnose SARS-CoV-2 was
approved by the FDA (based on the SHERLOCK assay). In the same year and in 2022,
two methods known as DETECTRTM and DETECTR BOOST were introduced to diagnose
SARS-CoV-2 (based on the DETECTR assay). Furthermore, the CRISPR/Cas12 nuclease
was used to detect human papilloma viruses (HPV) [59] and African swine fever virus
(ASFV) [60].

RNA-targeting enzymes, such as Cas13, have been extensively developed for RNA-
targeting applications. These enzymes might one day be used to edit disease-causing
sequences of a patient’s RNAs, which could allow cells to produce healthy proteins or
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lower the level of a protein that is harmful due to genetic mutation. Moreover, the RNA-
targeting CRISPR/Cas13 system provides an antiviral strategy against single-stranded RNA
viruses. Many ssRNA viruses cause human diseases for which there are no FDA-approved
therapies. The CRISPR/Cas9 nuclease can inhibit the replication of double-stranded DNA
viruses or ssRNA viruses with DNA intermediates but is unable to target ssRNA viruses
without DNA intermediates.

For thousands of years, all of genetics was based on selective breeding of plants and
animals amongst natural genome variants. This approach has been highly successful and
will continue to play a significant part in agriculture. The most crucial disadvantage of
selective breeding is that chromosomes segregate randomly and there is no possibility
to transfer a gene encoding a desired trait to the new variety without transferring genes
encoding undesired traits. The CRISPR/Cas9 system is an exciting alternative to previously
used classical breeding programs. Unlike conventional methods, CRISPR technology makes
it possible to obtain specific features by introducing DNA material that occurs naturally in
a given crop family without the introduction of DNA material bearing unwanted genetic
information. The use of CRISPR/Cas9 in the food sector will bring many benefits to
agriculture because it is a cheaper, faster, more straightforward, and more precise method
than selective breeding. Thanks to the use of CRISPR/Cas9 it was possible, among other
examples, to create a variety of corn with lower water requirements [61], to increase the
vitamin D content in tomatoes [62], to breed cattle for meat production with extremely slick,
short hair, which is said to help the animals cope with hot weather more effectively [63],
and to breed MSTN-edited Hu sheep with the double-muscled phenotype [64].

8. Challenges and Future Perspectives

While choosing an approach to achieve the assumed scientific or application goal,
we are guided mainly by the advantages and effectiveness of the method. However,
the system’s disadvantages and weak points must also be considered. As in the case of
other genome-editing methods, we can also indicate several limitations and problems to
overcome for CRISPR systems. These challenges become extremely important in the context
of CRISPR technology’s therapeutic and clinical applications. The risks associated with
the exploitation of the CRISPR/Cas9 system are primarily associated with methodological
challenges and nontechnological aspects. Methodological challenges refer to problems
strictly related to technology, whereas nontechnological aspects embrace ethical issues. In
this paper, we focus and shed light on some challenges.

The Cas9 proteins used in the CRISPR system originate from infectious disease
agents in humans, for example, Streptococcus pyogenes (SpCas9) and Staphylococcus au-
reus (SaCas9) [65]. These two are the most often used Cas9 proteins in practice due to
the ease of packaging them into vectors. Cas9 protein is not the only factor posing a risk
of immunological reaction against the CRISPR system. The sgRNAs can also trigger an
innate immune response, but chemically modified 5′-ends help to avoid recognition effec-
tively [66]. Delivery systems based on viral vectors such as adeno-associated viruses (AAV)
are a third severe threat. Preexisting and inducible adaptive immune responses associated
with viral vectors are widely described problems in gene therapy and vaccinology; thus,
we decided to exclude this issue in our paper [67].

It looks a bit like playing with fire when immune-activating agents are engaged to
evoke a therapeutic effect. The unintended ambiguous activity of Cas9 protein creates an
immunological challenge to be overcome. Cas9 proteins are connected to both preexisting
humoral and cell-mediated adaptive immune responses. This preexisting adaptive immune
response can be triggered by similarities to Cas9 proteins originating from different bacteria
and by similarities to nonrelated proteins [68]. One of the strategies to conquer problems
connected with an immune system activation is to treat defects (if possible) with the
CRISPR platform before the patient is immunized with infectious agents and starts to
produce antibodies against Cas9 protein. It narrows down the application of the CRISPR
system to diseases, including thalassemia and sickle cell anemia, detectable in fetal life or
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early childhood [69]. If other diseases, e.g., neuroblastoma, are diagnosed later in life, the
immunological safety of the CRISPR system depends on whether the human body has been
immunized before assessment [70]. In the case of individuals with preexisting immunity
for repeated treatment, the search for a rarely occurring donor of Cas9 proteins can be
a solution. The above-mentioned solutions are not technologically astonishing, but they
may turn out to be effective, assuming high efficiency and earliness of diagnostics. It is
also worth thinking about harnessing in silico tools to predict the level of immunogenicity
based on binding-affinity algorithms [71]. As scientists do not want CRISPR systems to
suffer the same initial collapse as gene therapy did, some protective solutions to mitigate
immunogenicity are being adopted from that system, for example, the transfer of Treg
cells or immunogenic epitopes masking [68]. The very safe approach, if applicable (not
for systemic delivery), is to edit genes ex vivo and then transfer them as treatment into
organisms [72]. For instance, in 2019, Rio et al. reported successful engraftment of gene-
corrected hematopoietic stem cells in nonconditioned patients with Fanconi anemia [73].
Targeting the site of CRISPR system components delivery is also a promising approach. So-
called immune-privileged organs in the human body such as the eyes, brain, testicles, and
placenta as well as the fetus are the sites with reduced risk of graft rejection. This means that
some disorders connected to these particular regions can be managed with a CRISPR system
with lower immunological threat. As eyes are immune-privileged sites, there are plenty of
reported applications of CRISPR technology in ophthalmological disorder treatment, as
in model animals (corneal dystrophy, glaucoma, congenital cataract, Leber’s congenital
amaurosis, retinitis pigmentosa, Usher syndrome, fundus neovascular disease, proliferative
vitreoretinopathy, retinoblastoma, and other eye diseases) [74]. Despite an immature
immune system and being immune-privileged, the fetus is still very challenging because
of the high off-targeting rate and possible loss of DNA fragments [75]. Other strategies
being harnessed to overcome the immunogenicity of CRISPR components in systemic
delivery include the coadministration of immunosuppressive drugs or the administration
in immunocompromised/immunodeficient individuals and also controlling the activity
duration of the CRISPR system in organisms, e.g., by transient expression [68].

The immunogenicity of the above-mentioned components is not the only problem to
be dealt with while using the CRISPR system. Off-targeting has been the Achilles’ heel since
the CRISPR system was developed. Off-targets are side effects produced by an unwitting
cleavage activity of Cas9 protein in nontargeted sequences. The unintentional cleavages in
similar target sequences are generated because Cas9 accepts up to three sgRNA/gDNA
mismatches [76]. According to the region covered, there are two types of mismatches:
proximal, connected with impaired substrate DNA binding and R-loop formation, and
distal, connected with the production of a catalytically nonfunctional complex [77]. The
sgRNA-independent factors have been also been proved to cause off-targets; thus, they
must also be managed. Consequences of off-targets can vary in effect according to the
significance of unwittingly cut sequences leading to lethal effect, loss of gene function,
or even carcinogenesis induction [78]. The steps that can be undertaken by scientists to
avoid off-targeting include bioinformatics attempts (gRNA designing software, off-targets
predicting software) and/or the engagement of other biochemical components (Cas9 nick-
ases, anti-CRISPR proteins—Acr-p) [70]. For instance, well-designed gRNA can reduce
the number of off-targets 5000-fold without losing its efficiency [79]. gRNAs should not be
longer than 20 bp (a significant rise in off-targets) and not shorter than 17 bp (a substantial
loss of specificity). There are two categories of methods for detecting off-targets: biased
and unbiased. Biased methods are connected with in silico modeling and computational
detection of off-target sites. The obtained in silico data analysis checked and validated
by in vitro/in vivo methods and platforms helps to improve software algorithms, which
makes these tools more and more sophisticated and accurate. The algorithms are based on
the knowledge obtained through observations, but not everything can be predicted; thus,
unbiased detection of off-target sites should also be applied. Unbiased off-target analysis
can be performed using different strategies such as cross-linking chromatin immuno-
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precipitation of endonuclease-mutant Cas9 (ChIP-dCas9), integrative-deficient lentiviral
vectors (IDLV) capture, detection of off-target cleavage by CRISPR/Cas9 using GUIDE-
seq methods, LAM-PCR-based high-throughput genomewide translocation sequencing
(LAM-HTGTS), or whole genome sequencing (WGS) [80]. As mentioned above, other
biochemical components can be used to reduce levels of off-targeting. Cas9 nickases, mu-
tated variants of Cas9, show higher efficiency in on-targets and lower effect in off-targets.
Cas9n requires two sgRNAs to act [81]. Viruses produce anti-CRISPR proteins (Acr-p) to
deactivate prokaryotic defense systems based on CRISPR systems. Anti-CRISPR-associated
proteins (Aca-p) act antagonistically and inhibit the transcription of anti-CRISPR proteins.
The above-mentioned proteins can thus modulate the lifespan of the CRISPR system in
organisms to reduce off-targeting [82].

Future perspectives for the CRISPR system are deeply associated with society’s accep-
tance or refusal of this powerful tool. On the other hand, the scientific applications of the
CRISPR platform are society-independent, and there is no doubt that they will be continued
no matter what. Ethical issues concerning the CRISPR system are generally related to all
techniques that are able to alter genetic information. Those ethical problems usually result
from real or unjustifiable risks connected with new technologies. Other aspects are the
religious and cultural ones. When it comes to humans, certain threats have been concluded
on the basis of in vitro and in vivo animal experiments, generating certain ethical issues.
Side effects, including off-targeting, immunological reactions, and genetic mosaicism, and
financial costs generate the following concerns: safety, accessibility, eugenics, regulations,
legislation, and patenting [83]. Some of these concerns are convergent with those connected
to gene therapy (i.e., safety and accessibility). In clinical applications, the nonheritable
therapeutic effect of the CRISPR system on somatic cells is much easier to accept by society
than human germ cell genome editing. Before any possible CRISPR therapeutic applica-
tions, one should consider all of the technology’s pros and cons and then be allowed to roll
the dice individually. Intense public backlash against germline modifications is linked to
its potential to encourage the reproduction of humans with desirable traits, which can lead
to eugenics sooner or later. In this situation, the most reasonable solution for reconciling
the interests of individuals and society is to establish wise and humane laws. Currently,
local and international laws do not keep pace with rapidly developing technologies, and
this state of the art provokes community discord.
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2. Hryhorowicz, M.; Lipiński, D.; Zeyland, J.; Słomski, R. CRISPR/Cas9 Immune System as a Tool for Genome Engineering.
Arch. Immunol. Ther. Exp. (Warsz) 2017, 65, 233–240. [CrossRef]

https://doi.org/10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1007/s00005-016-0427-5


Int. J. Mol. Sci. 2023, 24, 14233 12 of 15

3. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual RNA-Guided DNA
Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816–821. [CrossRef]

4. Makarova, K.S.; Wolf, Y.I.; Iranzo, J.; Shmakov, S.A.; Alkhnbashi, O.S.; Brouns, S.J.J.; Charpentier, E.; Cheng, D.; Haft, D.H.;
Horvath, P.; et al. Evolutionary Classification of CRISPR-Cas Systems: A Burst of Class 2 and Derived Variants. Nat. Rev. Microbiol.
2020, 18, 67–83. [CrossRef]

5. Garneau, J.E.; Dupuis, M.-È.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.; Magadán, A.H.;
Moineau, S. The CRISPR/Cas Bacterial Immune System Cleaves Bacteriophage and Plasmid DNA. Nature 2010, 468, 67–71.
[CrossRef]

6. Huang, F.; Zhu, B. The Cyclic Oligoadenylate Signaling Pathway of Type III CRISPR-Cas Systems. Front. Microbiol. 2021,
11, 602789. [CrossRef]

7. Zhou, Y.; Bravo, J.P.K.; Taylor, H.N.; Steens, J.A.; Jackson, R.N.; Staals, R.H.J.; Taylor, D.W. Structure of a Type IV CRISPR-Cas
Ribonucleoprotein Complex. iScience 2021, 24, 102201. [CrossRef]

8. Zetsche, B.; Gootenberg, J.S.; Abudayyeh, O.O.; Slaymaker, I.M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.; Joung, J.; van der
Oost, J.; Regev, A.; et al. Cpf1 Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System. Cell 2015, 163, 759–771.
[CrossRef]

9. Safari, F.; Zare, K.; Negahdaripour, M.; Barekati-Mowahed, M.; Ghasemi, Y. CRISPR Cpf1 Proteins: Structure, Function and
Implications for Genome Editing. Cell Biosci. 2019, 9, 36. [CrossRef]

10. O’Connell, M.R. Molecular Mechanisms of RNA Targeting by Cas13-Containing Type VI CRISPR-Cas Systems. J. Mol. Biol. 2019,
431, 66–87. [CrossRef]

11. Jinek, M.; East, A.; Cheng, A.; Lin, S.; Ma, E.; Doudna, J. RNA-Programmed Genome Editing in Human Cells. eLife 2013, 2, e00471.
[CrossRef]

12. Lin, S.; Staahl, B.T.; Alla, R.K.; Doudna, J.A. Enhanced Homology-Directed Human Genome Engineering by Controlled Timing of
CRISPR/Cas9 Delivery. eLife 2014, 3, e04766. [CrossRef]

13. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al. Multiplex Genome
Engineering Using CRISPR/Cas Systems. Science 2013, 339, 819–823. [CrossRef]

14. Hsu, P.D.; Scott, D.A.; Weinstein, J.A.; Ran, F.A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; Wu, X.; Shalem, O.; et al. DNA
Targeting Specificity of RNA-Guided Cas9 Nucleases. Nat. Biotechnol. 2013, 31, 827–832. [CrossRef]

15. Zhang, X.-H.; Tee, L.Y.; Wang, X.-G.; Huang, Q.-S.; Yang, S.-H. Off-Target Effects in CRISPR/Cas9-Mediated Genome Engineering.
Mol. Ther. Nucleic Acids 2015, 4, e264. [CrossRef]

16. Kleinstiver, B.P.; Pattanayak, V.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Zheng, Z.; Joung, J.K. High-Fidelity CRISPR-Cas9 Nucleases
with No Detectable Genome-Wide off-Target Effects. Nature 2016, 529, 490–495. [CrossRef]

17. Vakulskas, C.A.; Dever, D.P.; Rettig, G.R.; Turk, R.; Jacobi, A.M.; Collingwood, M.A.; Bode, N.M.; McNeill, M.S.; Yan, S.; Camarena,
J.; et al. A High-Fidelity Cas9 Mutant Delivered as a Ribonucleoprotein Complex Enables Efficient Gene Editing in Human
Hematopoietic Stem and Progenitor Cells. Nat. Med. 2018, 24, 1216–1224. [CrossRef]

18. Casini, A.; Olivieri, M.; Petris, G.; Montagna, C.; Reginato, G.; Maule, G.; Lorenzin, F.; Prandi, D.; Romanel, A.; Demichelis, F.;
et al. A Highly Specific SpCas9 Variant Is Identified by in Vivo Screening in Yeast. Nat. Biotechnol. 2018, 36, 265–271. [CrossRef]

19. Slaymaker, I.M.; Gao, L.; Zetsche, B.; Scott, D.A.; Yan, W.X.; Zhang, F. Rationally Engineered Cas9 Nucleases with Improved
Specificity. Science 2016, 351, 84–88. [CrossRef]

20. Chen, J.S.; Dagdas, Y.S.; Kleinstiver, B.P.; Welch, M.M.; Sousa, A.A.; Harrington, L.B.; Sternberg, S.H.; Joung, J.K.; Yildiz, A.;
Doudna, J.A. Enhanced Proofreading Governs CRISPR-Cas9 Targeting Accuracy. Nature 2017, 550, 407–410. [CrossRef]

21. Lee, J.K.; Jeong, E.; Lee, J.; Jung, M.; Shin, E.; Kim, Y.-H.; Lee, K.; Jung, I.; Kim, D.; Kim, S.; et al. Directed Evolution of
CRISPR-Cas9 to Increase Its Specificity. Nat. Commun. 2018, 9, 3048. [CrossRef]

22. Hu, J.H.; Miller, S.M.; Geurts, M.H.; Tang, W.; Chen, L.; Sun, N.; Zeina, C.M.; Gao, X.; Rees, H.A.; Lin, Z.; et al. Evolved Cas9
Variants with Broad PAM Compatibility and High DNA Specificity. Nature 2018, 556, 57–63. [CrossRef]

23. Allemailem, K.S.; Almatroodi, S.A.; Almatroudi, A.; Alrumaihi, F.; Al Abdulmonem, W.; Al-Megrin, W.A.I.; Aljamaan, A.N.;
Rahmani, A.H.; Khan, A.A. Recent Advances in Genome-Editing Technology with CRISPR/Cas9 Variants and Stimuli-Responsive
Targeting Approaches within Tumor Cells: A Future Perspective of Cancer Management. Int. J. Mol. Sci. 2023, 24, 7052. [CrossRef]
[PubMed]

24. Ran, F.A.; Cong, L.; Yan, W.X.; Scott, D.A.; Gootenberg, J.S.; Kriz, A.J.; Zetsche, B.; Shalem, O.; Wu, X.; Makarova, K.S.; et al. In
Vivo Genome Editing Using Staphylococcus Aureus Cas9. Nature 2015, 520, 186–191. [CrossRef] [PubMed]

25. Kim, E.; Koo, T.; Park, S.W.; Kim, D.; Kim, K.; Cho, H.-Y.; Song, D.W.; Lee, K.J.; Jung, M.H.; Kim, S.; et al. In Vivo Genome Editing
with a Small Cas9 Orthologue Derived from Campylobacter Jejuni. Nat. Commun. 2017, 8, 14500. [CrossRef] [PubMed]

26. Acharya, S.; Mishra, A.; Paul, D.; Ansari, A.H.; Azhar, M.; Kumar, M.; Rauthan, R.; Sharma, N.; Aich, M.; Sinha, D.; et al.
Francisella Novicida Cas9 Interrogates Genomic DNA with Very High Specificity and Can Be Used for Mammalian Genome
Editing. Proc. Natl. Acad. Sci. USA 2019, 116, 20959–20968. [CrossRef]

27. Müller, M.; Lee, C.M.; Gasiunas, G.; Davis, T.H.; Cradick, T.J.; Siksnys, V.; Bao, G.; Cathomen, T.; Mussolino, C. Streptococcus
Thermophilus CRISPR-Cas9 Systems Enable Specific Editing of the Human Genome. Mol. Ther. 2016, 24, 636–644. [CrossRef]
[PubMed]

https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/nature09523
https://doi.org/10.3389/fmicb.2020.602789
https://doi.org/10.1016/j.isci.2021.102201
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1186/s13578-019-0298-7
https://doi.org/10.1016/j.jmb.2018.06.029
https://doi.org/10.7554/eLife.00471
https://doi.org/10.7554/eLife.04766
https://doi.org/10.1126/science.1231143
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1038/mtna.2015.37
https://doi.org/10.1038/nature16526
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.1038/nbt.4066
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1038/nature26155
https://doi.org/10.3390/ijms24087052
https://www.ncbi.nlm.nih.gov/pubmed/37108214
https://doi.org/10.1038/nature14299
https://www.ncbi.nlm.nih.gov/pubmed/25830891
https://doi.org/10.1038/ncomms14500
https://www.ncbi.nlm.nih.gov/pubmed/28220790
https://doi.org/10.1073/pnas.1818461116
https://doi.org/10.1038/mt.2015.218
https://www.ncbi.nlm.nih.gov/pubmed/26658966


Int. J. Mol. Sci. 2023, 24, 14233 13 of 15

28. Hou, Z.; Zhang, Y.; Propson, N.E.; Howden, S.E.; Chu, L.-F.; Sontheimer, E.J.; Thomson, J.A. Efficient Genome Engineering in
Human Pluripotent Stem Cells Using Cas9 from Neisseria Meningitidis. Proc. Natl. Acad. Sci. USA 2013, 110, 15644–15649.
[CrossRef]

29. Nishimasu, H.; Shi, X.; Ishiguro, S.; Gao, L.; Hirano, S.; Okazaki, S.; Noda, T.; Abudayyeh, O.O.; Gootenberg, J.S.; Mori, H.; et al.
Engineered CRISPR-Cas9 Nuclease with Expanded Targeting Space. Science 2018, 361, 1259–1262. [CrossRef]

30. Walton, R.T.; Christie, K.A.; Whittaker, M.N.; Kleinstiver, B.P. Unconstrained Genome Targeting with Near-PAMless Engineered
CRISPR-Cas9 Variants. Science 2020, 368, 290–296. [CrossRef] [PubMed]

31. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Topkar, V.V.; Nguyen, N.T.; Zheng, Z.; Gonzales, A.P.W.; Li, Z.; Peterson, R.T.; Yeh, J.-R.J.;
et al. Engineered CRISPR-Cas9 Nucleases with Altered PAM Specificities. Nature 2015, 523, 481–485. [CrossRef] [PubMed]

32. Swarts, D.C.; Jinek, M. Cas9 versus Cas12a/Cpf1: Structure-Function Comparisons and Implications for Genome Editing.
Wiley Interdiscip. Rev. RNA 2018, 9, e1481. [CrossRef]

33. Zetsche, B.; Heidenreich, M.; Mohanraju, P.; Fedorova, I.; Kneppers, J.; DeGennaro, E.M.; Winblad, N.; Choudhury, S.R.;
Abudayyeh, O.O.; Gootenberg, J.S.; et al. Multiplex Gene Editing by CRISPR-Cpf1 Using a Single crRNA Array. Nat. Biotechnol.
2017, 35, 31–34. [CrossRef]

34. Kleinstiver, B.P.; Tsai, S.Q.; Prew, M.S.; Nguyen, N.T.; Welch, M.M.; Lopez, J.M.; McCaw, Z.R.; Aryee, M.J.; Joung, J.K. Genome-
Wide Specificities of CRISPR-Cas Cpf1 Nucleases in Human Cells. Nat. Biotechnol. 2016, 34, 869–874. [CrossRef]

35. Swarts, D.C.; van der Oost, J.; Jinek, M. Structural Basis for Guide RNA Processing and Seed-Dependent DNA Targeting by
CRISPR-Cas12a. Mol. Cell 2017, 66, 221–233.e4. [CrossRef]

36. Bin Moon, S.; Lee, J.M.; Kang, J.G.; Lee, N.-E.; Ha, D.-I.; Kim, D.Y.; Kim, S.H.; Yoo, K.; Kim, D.; Ko, J.-H.; et al. Highly Efficient
Genome Editing by CRISPR-Cpf1 Using CRISPR RNA with a Uridinylate-Rich 3’-Overhang. Nat. Commun. 2018, 9, 3651.
[CrossRef]

37. Lee, K.; Zhang, Y.; Kleinstiver, B.P.; Guo, J.A.; Aryee, M.J.; Miller, J.; Malzahn, A.; Zarecor, S.; Lawrence-Dill, C.J.; Joung, J.K.; et al.
Activities and Specificities of CRISPR/Cas9 and Cas12a Nucleases for Targeted Mutagenesis in Maize. Plant Biotechnol. J. 2019,
17, 362–372. [CrossRef]

38. Abudayyeh, O.O.; Gootenberg, J.S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, J.J.; Verdine, V.; Cox, D.B.T.; Kellner, M.J.; Regev,
A.; et al. RNA Targeting with CRISPR-Cas13. Nature 2017, 550, 280–284. [CrossRef]

39. Abudayyeh, O.O.; Gootenberg, J.S.; Konermann, S.; Joung, J.; Slaymaker, I.M.; Cox, D.B.T.; Shmakov, S.; Makarova, K.S.;
Semenova, E.; Minakhin, L.; et al. C2c2 Is a Single-Component Programmable RNA-Guided RNA-Targeting CRISPR Effector.
Science 2016, 353, aaf5573. [CrossRef]

40. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable Editing of a Target Base in Genomic DNA without
Double-Stranded DNA Cleavage. Nature 2016, 533, 420–424. [CrossRef]

41. Komor, A.C.; Zhao, K.T.; Packer, M.S.; Gaudelli, N.M.; Waterbury, A.L.; Koblan, L.W.; Kim, Y.B.; Badran, A.H.; Liu, D.R. Improved
Base Excision Repair Inhibition and Bacteriophage Mu Gam Protein Yields C:G-to-T:A Base Editors with Higher Efficiency and
Product Purity. Sci. Adv. 2017, 3, eaao4774. [CrossRef]

42. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable Base Editing of A•T to
G•C in Genomic DNA without DNA Cleavage. Nature 2017, 551, 464–471. [CrossRef]

43. Kurt, I.C.; Zhou, R.; Iyer, S.; Garcia, S.P.; Miller, B.R.; Langner, L.M.; Grünewald, J.; Joung, J.K. CRISPR C-to-G Base Editors for
Inducing Targeted DNA Transversions in Human Cells. Nat. Biotechnol. 2021, 39, 41–46. [CrossRef] [PubMed]

44. Zhao, D.; Li, J.; Li, S.; Xin, X.; Hu, M.; Price, M.A.; Rosser, S.J.; Bi, C.; Zhang, X. Glycosylase Base Editors Enable C-to-A and
C-to-G Base Changes. Nat. Biotechnol. 2021, 39, 35–40. [CrossRef]

45. Tong, H.; Wang, X.; Liu, Y.; Liu, N.; Li, Y.; Luo, J.; Ma, Q.; Wu, D.; Li, J.; Xu, C.; et al. Programmable A-to-Y Base Editing by Fusing
an Adenine Base Editor with an N-Methylpurine DNA Glycosylase. Nat. Biotechnol. 2023, 41, 1080–1084. [CrossRef]

46. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.; Raguram, A.;
et al. Search-and-Replace Genome Editing without Double-Strand Breaks or Donor DNA. Nature 2019, 576, 149–157. [CrossRef]
[PubMed]

47. Chen, P.J.; Hussmann, J.A.; Yan, J.; Knipping, F.; Ravisankar, P.; Chen, P.-F.; Chen, C.; Nelson, J.W.; Newby, G.A.; Sahin, M.; et al.
Enhanced Prime Editing Systems by Manipulating Cellular Determinants of Editing Outcomes. Cell 2021, 184, 5635–5652.e29.
[CrossRef]

48. Lu, Y.; Xue, J.; Deng, T.; Zhou, X.; Yu, K.; Deng, L.; Huang, M.; Yi, X.; Liang, M.; Wang, Y.; et al. Safety and Feasibility of
CRISPR-Edited T Cells in Patients with Refractory Non-Small-Cell Lung Cancer. Nat. Med. 2020, 26, 732–740. [CrossRef]

49. Stadtmauer, E.A.; Fraietta, J.A.; Davis, M.M.; Cohen, A.D.; Weber, K.L.; Lancaster, E.; Mangan, P.A.; Kulikovskaya, I.; Gupta, M.;
Chen, F.; et al. CRISPR-Engineered T Cells in Patients with Refractory Cancer. Science 2020, 367, eaba7365. [CrossRef]

50. Frangoul, H.; Altshuler, D.; Cappellini, M.D.; Chen, Y.-S.; Domm, J.; Eustace, B.K.; Foell, J.; de la Fuente, J.; Grupp, S.;
Handgretinger, R.; et al. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and β-Thalassemia. N. Engl. J. Med. 2021, 384, 252–260.
[CrossRef]

51. Graham, C.; Hart, S. CRISPR/Cas9 Gene Editing Therapies for Cystic Fibrosis. Expert. Opin. Biol. Ther. 2021, 21, 767–780.
[CrossRef] [PubMed]

52. Mollanoori, H.; Rahmati, Y.; Hassani, B.; Havasi Mehr, M.; Teimourian, S. Promising Therapeutic Approaches Using CRISPR/Cas9
Genome Editing Technology in the Treatment of Duchenne Muscular Dystrophy. Genes Dis. 2021, 8, 146–156. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.1313587110
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1126/science.aba8853
https://www.ncbi.nlm.nih.gov/pubmed/32217751
https://doi.org/10.1038/nature14592
https://www.ncbi.nlm.nih.gov/pubmed/26098369
https://doi.org/10.1002/wrna.1481
https://doi.org/10.1038/nbt.3737
https://doi.org/10.1038/nbt.3620
https://doi.org/10.1016/j.molcel.2017.03.016
https://doi.org/10.1038/s41467-018-06129-w
https://doi.org/10.1111/pbi.12982
https://doi.org/10.1038/nature24049
https://doi.org/10.1126/science.aaf5573
https://doi.org/10.1038/nature17946
https://doi.org/10.1126/sciadv.aao4774
https://doi.org/10.1038/nature24644
https://doi.org/10.1038/s41587-020-0609-x
https://www.ncbi.nlm.nih.gov/pubmed/32690971
https://doi.org/10.1038/s41587-020-0592-2
https://doi.org/10.1038/s41587-022-01595-6
https://doi.org/10.1038/s41586-019-1711-4
https://www.ncbi.nlm.nih.gov/pubmed/31634902
https://doi.org/10.1016/j.cell.2021.09.018
https://doi.org/10.1038/s41591-020-0840-5
https://doi.org/10.1126/science.aba7365
https://doi.org/10.1056/NEJMoa2031054
https://doi.org/10.1080/14712598.2021.1869208
https://www.ncbi.nlm.nih.gov/pubmed/33412935
https://doi.org/10.1016/j.gendis.2019.12.007
https://www.ncbi.nlm.nih.gov/pubmed/33997161


Int. J. Mol. Sci. 2023, 24, 14233 14 of 15

53. Xu, L.; Yang, H.; Gao, Y.; Chen, Z.; Xie, L.; Liu, Y.; Liu, Y.; Wang, X.; Li, H.; Lai, W.; et al. CRISPR/Cas9-Mediated CCR5 Ablation
in Human Hematopoietic Stem/Progenitor Cells Confers HIV-1 Resistance In Vivo. Mol. Ther. 2017, 25, 1782–1789. [CrossRef]

54. Xu, L.; Wang, J.; Liu, Y.; Xie, L.; Su, B.; Mou, D.; Wang, L.; Liu, T.; Wang, X.; Zhang, B.; et al. CRISPR-Edited Stem Cells in a Patient
with HIV and Acute Lymphocytic Leukemia. N. Engl. J. Med. 2019, 381, 1240–1247. [CrossRef]

55. Yin, C.; Zhang, T.; Qu, X.; Zhang, Y.; Putatunda, R.; Xiao, X.; Li, F.; Xiao, W.; Zhao, H.; Dai, S.; et al. In Vivo Excision of HIV-1
Provirus by saCas9 and Multiplex Single-Guide RNAs in Animal Models. Mol. Ther. 2017, 25, 1168–1186. [CrossRef]

56. Ledford, H. CRISPR Treatment Inserted Directly into the Body for First Time. Nature 2020, 579, 185. [CrossRef]
57. Newby, G.A.; Liu, D.R. In Vivo Somatic Cell Base Editing and Prime Editing. Mol. Ther. 2021, 29, 3107–3124. [CrossRef] [PubMed]
58. Kellner, M.J.; Koob, J.; Gootenberg, J.S.; Abudayyeh, O.O.; Zhang, F. SHERLOCK: Nucleic Acid Detection with CRISPR Nucleases.

Nat. Protoc. 2019, 14, 2986–3012. [CrossRef] [PubMed]
59. Chen, J.S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, J.M.; Doudna, J.A. CRISPR-Cas12a Target Binding Unleashes

Indiscriminate Single-Stranded DNase Activity. Science 2018, 360, 436–439. [CrossRef]
60. He, Q.; Yu, D.; Bao, M.; Korensky, G.; Chen, J.; Shin, M.; Kim, J.; Park, M.; Qin, P.; Du, K. High-Throughput and All-Solution

Phase African Swine Fever Virus (ASFV) Detection Using CRISPR-Cas12a and Fluorescence Based Point-of-Care System.
Biosens. Bioelectron. 2020, 154, 112068. [CrossRef]

61. Shi, J.; Gao, H.; Wang, H.; Lafitte, H.R.; Archibald, R.L.; Yang, M.; Hakimi, S.M.; Mo, H.; Habben, J.E. ARGOS8 Variants Generated
by CRISPR-Cas9 Improve Maize Grain Yield under Field Drought Stress Conditions. Plant Biotechnol. J. 2017, 15, 207–216.
[CrossRef]

62. Li, J.; Scarano, A.; Gonzalez, N.M.; D’Orso, F.; Yue, Y.; Nemeth, K.; Saalbach, G.; Hill, L.; de Oliveira Martins, C.; Moran, R.; et al.
Biofortified Tomatoes Provide a New Route to Vitamin D Sufficiency. Nat. Plants 2022, 8, 611–616. [CrossRef]

63. CRISPR Beef Cattle Get FDA Green Light. Nat. Biotechnol. 2022, 40, 448. [CrossRef]
64. Guo, R.; Wang, H.; Meng, C.; Gui, H.; Li, Y.; Chen, F.; Zhang, C.; Zhang, H.; Ding, Q.; Zhang, J.; et al. Efficient and Specific

Generation of MSTN-Edited Hu Sheep Using C-CRISPR. Genes 2023, 14, 1216. [CrossRef] [PubMed]
65. Charlesworth, C.T.; Deshpande, P.S.; Dever, D.P.; Camarena, J.; Lemgart, V.T.; Cromer, M.K.; Vakulskas, C.A.; Collingwood, M.A.;

Zhang, L.; Bode, N.M.; et al. Identification of Preexisting Adaptive Immunity to Cas9 Proteins in Humans. Nat. Med. 2019,
25, 249–254. [CrossRef] [PubMed]

66. Chew, W.L. Immunity to CRISPR Cas9 and Cas12a Therapeutics. Wiley Interdiscip. Rev. Syst. Biol. Med. 2018, 10. [CrossRef]
67. Pupo, A.; Fernández, A.; Low, S.H.; François, A.; Suárez-Amarán, L.; Samulski, R.J. AAV Vectors: The Rubik’s Cube of Human

Gene Therapy. Mol. Ther. 2022, 30, 3515–3541. [CrossRef]
68. Ewaisha, R.; Anderson, K.S. Immunogenicity of CRISPR Therapeutics-Critical Considerations for Clinical Translation.

Front. Bioeng. Biotechnol. 2023, 11, 1138596. [CrossRef]
69. Ferraresi, M.; Panzieri, D.L.; Leoni, S.; Cappellini, M.D.; Kattamis, A.; Motta, I. Therapeutic Perspective for Children and Young

Adults Living with Thalassemia and Sickle Cell Disease. Eur. J. Pediatr. 2023, 182, 2509–2519. [CrossRef]
70. Rasul, M.F.; Hussen, B.M.; Salihi, A.; Ismael, B.S.; Jalal, P.J.; Zanichelli, A.; Jamali, E.; Baniahmad, A.; Ghafouri-Fard, S.; Basiri, A.;

et al. Strategies to Overcome the Main Challenges of the Use of CRISPR/Cas9 as a Replacement for Cancer Therapy. Mol. Cancer
2022, 21, 64. [CrossRef]

71. Bitencourt-Ferreira, G.; Duarte da Silva, A.; Filgueira de Azevedo, W. Application of Machine Learning Techniques to Predict
Binding Affinity for Drug Targets: A Study of Cyclin-Dependent Kinase 2. Curr. Med. Chem. 2021, 28, 253–265. [CrossRef]

72. Koniali, L.; Lederer, C.W.; Kleanthous, M. Therapy Development by Genome Editing of Hematopoietic Stem Cells. Cells 2021,
10, 1492. [CrossRef]

73. Río, P.; Navarro, S.; Wang, W.; Sánchez-Domínguez, R.; Pujol, R.M.; Segovia, J.C.; Bogliolo, M.; Merino, E.; Wu, N.; Salgado, R.;
et al. Successful Engraftment of Gene-Corrected Hematopoietic Stem Cells in Non-Conditioned Patients with Fanconi Anemia.
Nat. Med. 2019, 25, 1396–1401. [CrossRef]

74. Hu, X.; Zhang, B.; Li, X.; Li, M.; Wang, Y.; Dan, H.; Zhou, J.; Wei, Y.; Ge, K.; Li, P.; et al. The Application and Progression of
CRISPR/Cas9 Technology in Ophthalmological Diseases. Eye 2023, 37, 607–617. [CrossRef]

75. Alanis-Lobato, G.; Zohren, J.; McCarthy, A.; Fogarty, N.M.E.; Kubikova, N.; Hardman, E.; Greco, M.; Wells, D.; Turner, J.M.A.;
Niakan, K.K. Frequent Loss of Heterozygosity in CRISPR-Cas9-Edited Early Human Embryos. Proc. Natl. Acad. Sci. USA 2021,
118, e2004832117. [CrossRef]

76. Guo, C.; Ma, X.; Gao, F.; Guo, Y. Off-Target Effects in CRISPR/Cas9 Gene Editing. Front. Bioeng. Biotechnol. 2023, 11, 1143157.
[CrossRef]

77. Pacesa, M.; Lin, C.-H.; Cléry, A.; Saha, A.; Arantes, P.R.; Bargsten, K.; Irby, M.J.; Allain, F.H.-T.; Palermo, G.; Cameron, P.; et al.
Structural Basis for Cas9 Off-Target Activity. Cell 2022, 185, 4067–4081.e21. [CrossRef]

78. Naeem, M.; Majeed, S.; Hoque, M.Z.; Ahmad, I. Latest Developed Strategies to Minimize the Off-Target Effects in CRISPR-Cas-
Mediated Genome Editing. Cells 2020, 9, 1608. [CrossRef]

79. Fu, Y.; Sander, J.D.; Reyon, D.; Cascio, V.M.; Joung, J.K. Improving CRISPR-Cas Nuclease Specificity Using Truncated Guide
RNAs. Nat. Biotechnol. 2014, 32, 279–284. [CrossRef]

80. Martin, F.; Sánchez-Hernández, S.; Gutiérrez-Guerrero, A.; Pinedo-Gomez, J.; Benabdellah, K. Biased and Unbiased Methods for
the Detection of Off-Target Cleavage by CRISPR/Cas9: An Overview. Int. J. Mol. Sci. 2016, 17, 1507. [CrossRef]

https://doi.org/10.1016/j.ymthe.2017.04.027
https://doi.org/10.1056/NEJMoa1817426
https://doi.org/10.1016/j.ymthe.2017.03.012
https://doi.org/10.1038/d41586-020-00655-8
https://doi.org/10.1016/j.ymthe.2021.09.002
https://www.ncbi.nlm.nih.gov/pubmed/34509669
https://doi.org/10.1038/s41596-019-0210-2
https://www.ncbi.nlm.nih.gov/pubmed/31548639
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1016/j.bios.2020.112068
https://doi.org/10.1111/pbi.12603
https://doi.org/10.1038/s41477-022-01154-6
https://doi.org/10.1038/s41587-022-01297-z
https://doi.org/10.3390/genes14061216
https://www.ncbi.nlm.nih.gov/pubmed/37372396
https://doi.org/10.1038/s41591-018-0326-x
https://www.ncbi.nlm.nih.gov/pubmed/30692695
https://doi.org/10.1002/wsbm.1408
https://doi.org/10.1016/j.ymthe.2022.09.015
https://doi.org/10.3389/fbioe.2023.1138596
https://doi.org/10.1007/s00431-023-04900-w
https://doi.org/10.1186/s12943-021-01487-4
https://doi.org/10.2174/2213275912666191102162959
https://doi.org/10.3390/cells10061492
https://doi.org/10.1038/s41591-019-0550-z
https://doi.org/10.1038/s41433-022-02169-1
https://doi.org/10.1073/pnas.2004832117
https://doi.org/10.3389/fbioe.2023.1143157
https://doi.org/10.1016/j.cell.2022.09.026
https://doi.org/10.3390/cells9071608
https://doi.org/10.1038/nbt.2808
https://doi.org/10.3390/ijms17091507


Int. J. Mol. Sci. 2023, 24, 14233 15 of 15

81. Leal, A.F.; Cifuentes, J.; Torres, C.E.; Suárez, D.; Quezada, V.; Gómez, S.C.; Cruz, J.C.; Reyes, L.H.; Espejo-Mojica, A.J.; Alméciga-
Díaz, C.J. Delivery and Assessment of a CRISPR/nCas9-Based Genome Editing System on in Vitro Models of Mucopolysacchari-
doses IVA Assisted by Magnetite-Based Nanoparticles. Sci. Rep. 2022, 12, 15045. [CrossRef]

82. Choudhary, N.; Tandi, D.; Verma, R.K.; Yadav, V.K.; Dhingra, N.; Ghosh, T.; Choudhary, M.; Gaur, R.K.; Abdellatif, M.H.; Gacem,
A.; et al. A Comprehensive Appraisal of Mechanism of Anti-CRISPR Proteins: An Advanced Genome Editor to Amend the
CRISPR Gene Editing. Front. Plant Sci. 2023, 14, 1164461. [CrossRef]
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