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A B S T R A C T

CRISPR-Cas, the adaptive immune system exclusive to prokaryotes, confers resistance against 
foreign mobile genetic elements. The CRISPR-Cas system is now being exploited by scientists in a 
diverse range of genome editing applications. CRISPR-Cas systems can be categorized into six 
different types based on their composition and mechanism, and there are also natural regulatory 
biomolecules in bacteria and bacteriophages that can either enhance or inhibit the immune 
function of CRISPR-Cas. The CRISPR-Cas systems are currently being trialed as a new tool for 
gene therapy to treat various human diseases, including cancers and genetic diseases, offering 
significant therapeutic potential. This paper comprehensively summarizes various aspects of the 
CRISPR-Cas system, encompassing its diversity, regulatory mechanisms, its clinical applications 
and the obstacles encountered.

1. Introduction

Given that it is estimated that 1023 phage infections may occur on earth every second [1,2], bacteria have ample opportunity to 
evolve a variety of defense mechanisms against such attacks. These defense mechanisms include the superinfection exclusion system 
[3,4], abortive infection [5,6], phage exclusion system [7,8], restriction-modification system [9,10], prokaryotic Argonautes (pAgos) 
[11], and the CRISPR-Cas system [12,13]. While all of these play crucial roles in bacterial defense against exogenous genetic elements, 
the CRISPR-Cas system is the only recognized adaptive genetic defense system, providing adaptive immunity to numerous bacteria and 
archaea [14].

The CRISPR-Cas system is composed of two primary components: CRISPR (clustered regularly interspaced short palindromic re-
peats) and Cas (CRISPR-associated) proteins. CRISPR sequences consist of leader sequences, repetitive sequences and spacer se-
quences. The leader sequence is rich in AT bases and is located upstream of the CRISPR array, serving as the promoter of the CRISPR 
sequence. The repetitive sequence has a length of approximately 20-50bp bases and contains 5-7bp palindromic sequences. The spacer 
sequences are derived primarily from mobile genetic elements such as phages, and thus serve as a "memory bank" in which to store 
information about exogenous DNA, enabling targeted defense when the host is reinfected. Cas proteins are encoded by cas genes that 
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are located in close proximity to CRISPR sequences and are essential for executing CRISPR-Cas immune responses [15–17]. In addition, 
protospacer adjacent motifs (PAMs) are also an important component of the CRISPR-Cas system. PAMs are short, conserved DNA 
sequences located next to one end of the protospacers. The presence of PAM sequences allows for self/nonself discrimination by 
preventing autoimmunity and self-cleavage in the absence within the CRISPR array, while also crucially enabling Cas proteins to 
recognize and bind to target DNA, facilitating accurate identification and cleavage of foreign genetic material by the CRISPR-Cas 
system. In general, CRISPR-Cas immunity encompasses three distinct phases: adaptation, expression, and interference (Fig. 1). Dur-
ing the adaptation process, fragments from the external piece of DNA, called protospacers, are incorporated into the CRISPR array as 
new spacers [18]. The Cas1 and Cas2 protein complexes present in almost all CRISPR-Cas systems play an important role in this process 
[19]. Moving on to the expression stage, the CRISPR array is transcribed and processed within the repeat region to produce an RNA 
consisting of a single spacer, flanked by (parts of) the repeat known as CRISPR RNAs (crRNAs). These crRNAs consist of a repeat 
sequence and a spacer sequence and acts as molecular guides to direct the Cas protein to the target site [20,21]. Finally, during 
interference, the crRNA directs the Cas protein to identify and target foreign nucleic acids corresponding to its spacer sequence and, 
once recognized, removes the foreign genetic material by recruiting nucleases or activating its own nuclease activity [22,23]. So 
overall, the three steps of CRISPR-Cas immunity work together to build a defense mechanism against invading genetic material, 
protecting the host organism from viral infection or other forms of foreign nucleic acids. The flexibility and efficiency of the 
CRISPR-Cas system has made it a widely used tool for genome editing and a key focus of research among scholars interested in new 
therapies for the prevention and treatment of human diseases.

While the CRISPR-Cas adaptive immune system defends bacteria from phage infection it imposes a significant metabolic burden on 
the host [24]. Host regulatory factors therefore play a crucial role in controlling the CRISPR immune pathway so as to optimize 
immunity alongside fitness costs. Further exploration of CRISPR-Cas-related regulatory factors and their mechanisms of action will 
deepen our understanding of CRISPR biology. This knowledge will lay the groundwork to enhance the effectiveness of these 
widely-used genetic engineering tools thus opening the way for the wider clinical application of phage therapy.

2. Regulation of the CRISPR-Cas system

In natural conditions, biomolecules regulate the transcriptional stage of the CRISPR-Cas system in bacteria. Examples include LeuO, 
Csa3a, Phrs and WYL1 proteins, all of which enhance immunity, as well as H-NS, LRP, and Csa3b, which negatively regulate the 
system. Furthermore, environmental stimuli like glucose and iron deficiency, quorum sensing, and bacteriostatic antibiotics can also 
affect the CRISPR-Cas system. In addition, accessory proteins in type III/VI CRISPR-Cas systems bolster immune activity, while 
bacteriophages have also developed anti-CRISPR proteins (Acrs) as a means to elude bacterial assaults. As Ning Jia et al. have already 
presented a comprehensive overview of the action mechanisms of anti-CRISPRcrs), this section will refrain from discussing Acrs [25].

2.1. Regulation of CRISPR-Cas system at the transcriptional level

Currently, several transcription factors have been recognized as active participants in the regulation of the CRISPR-Cas system. 
Transposon mutagenesis experiments have revealed that the nucleoid-associated protein H-NS, along with the leucine-reactive reg-
ulatory proteins LRP and LeuO, actively participate in modulating the expression of CRISPR-Cas components, thereby exerting control 
over their functionality. Among these, H-NS and LRP have the capability to bind upstream and downstream of the transcriptional start 
site of casA, thereby exerting a negative regulatory influence on the expression of this system. LeuO, meanwhile, exerts a positive 

Fig. 1. The CRISPR-Cas immune system overview involves several steps. In the CRISPR-Cas system, Cas1 and Cas2 proteins capture and integrate 
invading genetic material into the CRISPR array, which is then transcribed into crRNAs. These crRNAs, along with Cas effector proteins, target and 
degrade matching sequences in the interference stage.
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regulatory effect on the expression stage of this system by binding to the promoter of the casA regulatory region, thus effectively 
counteracting the inhibitory effects induced by H-NS [26,27].

In the archaeon Sulfolobus islandicus, two transcriptional regulators, Csa3a and Csa3b, containing CARF domains, have been 
identified to regulate the expression of the type I-A CRISPR locus [28,29]. Specifically, while S. islandicus Csa3b acts as a transcrip-
tional repressor for genes encoding the subtype I-A CRISPR spacer acquisition complex and subtype I-A target interference complex, 
which binding to the two regulation sites (RI and RII) upstream of the promoter Pcas. It also serves as a transcriptional activator for 
genes encoding the subtype III-B cmr complex. Conversely, S. islandicus Csa3a functions as a transcriptional activator for the expression 
of CRISPR arrays, the subtype I-A adaptation complex, and DNA repair proteins. Recent studies have revealed that the signal molecule 
cOAs can bind to the CARF domain of Csa3a and Csa3b proteins, triggering conformational changes in the C-terminal HTH domain and 
enhancing their regulatory functions. The signal molecule cOA is generated by the Type III system, while the effector Csa3a and Csa3b 
are encoded by the Type I system, indicating the ability of the CRISPR system to employ cOAs for regulating different CRISPR-Cas sites 
within the same organism [30].

Several studies have demonstrated that AlgU, AlgR, and AmrZ, which are alginate regulator proteins linked to biofilm production, 
play a role in repressing the expression of type I-F cas genes [31]. These transcriptional regulatory mechanisms exert their influence on 
CRISPR-Cas immunity during both the interference and adaptation stages by modulating the expression of multiple cas genes [32,33]. 
Additionally, RNA regulatory mechanisms are also significantly involved in promoting the expression of type I CRISPR loci and 
concurrently suppressing the expression of type II CRISPR loci. PhrS, which was discovered through a Small regulatory RNA (sRNA) 
library screen, enhances the transcription of CRISPR arrays by preventing the interaction between the type I-F CRISPR leaders of the 
CRISPR array and Rho protein, effectively putting an end to Rho-dependent transcriptional termination [34]. The WYL1 helper protein 
plays a crucial role in the CRISPR-Cas13d system by collaborating with the Cas13d enzyme to boost its RNA-targeting abilities. By 
guiding Cas13d to particular RNA sequences, WYL1 contributes to increasing the efficiency and accuracy of RNA editing and 
manipulation processes [35]. In type II CRISPR systems, trans-activating CRISPR RNA (tracrRNA) is transcribed from two distinct 
promoters, resulting in the production of both long and short forms. The long form of tracrRNA exerts a critical function by facilitating 
the recruitment of Cas9 to the cas gene promoter, which effectively suppresses the transcription of cas genes, thereby modulating the 
activity of the type II system [36].

2.2. Effects of external stimuli on the CRISPR-Cas system

The activity of the CRISPR-Cas system can also be influenced by external environmental stimuli [37,38]. In P. atrosepticum, the 
presence of glucose can lead to a reduction in cas gene expression by diminishing the levels of the transcriptional activator (CRP-cAMP 
complex). When exposed to elevated glucose levels, the adenylate cyclase gene cya1 exhibits reduced expression, resulting in a cor-
responding decrease in the abundance of CRP-cAMP complex. This decrease in the CRP-cAMP complex level resulted in a concomitant 
decrease in the expression of the adaptation genes cas1 and cas2-3. In addition, the expression of the CRISPR-Cas gene in P. aeruginosa 
type I-F was found to be significantly increased under low iron conditions; the ECF sigma factor PvdS actively promotes transcription of 
the CRISPR locus through an effective interaction with the promoter region of the cas1 gene, contributing to this increased expression. 
This adaptive response to glucose and iron limitation may be a strategy for bacteria to cope with the increased metabolic stress caused 
by phage infection.

The second environmental stimulus is high cell density, which is associated with an increased risk of phage infection. Under these 
conditions, cas gene expression increases by upregulating components of the quorum sensing pathway. For example, in Serratia cells, 
the quorum sensing autoinducer SmaR plays an important role in repressing CRISPR and cas gene expression (cas8e, cas1 and cas10). 
When cell density increases, N-acyl homoserine lactones (AHLs) accumulate and interact with SmaR, effectively blocking its ability to 
bind to DNA. This repression induces an increase in CRISPR and cas gene expression, which enhances the immune response mediated 
by the CRISPR-Cas system types I-E, I-F, and III-A [33]. More studies have shown that the LasIR/RhIIR autoinducer-receptor pair also 
regulates the expression of type I-E and I-F cas genes, suggesting that the expression of the CRISPR-Cas system in bacteria such as 
P. aeruginosa is controlled by a complex regulatory mechanism.

Recent studies have shown that bacteriostatic antibiotics enhance CRISPR immunity by slowing the production of mature phage 
particles. This delay maximises the time to conversion during phage infection. Bacteriostatic antibiotics are thus able to shift the 
balance in favour of the host immune system, allowing it to mount an immune response before the phage causes irreparable damage to 
the host [39].

3. CRISPR-cas system for clinical therapeutic applications

CRISPR-Cas systems have revolutionized the field of genetics and molecular biology by providing powerful genome editing tools 
that can precisely target and modify specific regions of the genome. The essential steps for genome editing with CRISPR-Cas involve 
designing a guide RNA (gRNA) that matches the target DNA sequence, delivering both the gRNA and Cas9 protein into cells, and 
allowing Cas9 to precisely cleave the DNA at the target site under the guidance of the gRNA. The cell’s repair machinery then fixes the 
DNA break by introducing desired changes (such as gene knockout, insertion, or correction) or inducing mutations. This technology 
has enabled efficient genome editing in diverse organisms, from bacteria to plants and animals, and has found applications in gene 
therapy, disease modeling, and diagnostics [40].

Previously, Zahedipour et al. offered an overview of the most recent therapeutic and vaccine strategies based on CRISPR/Cas 
technology to combat human viral infections [41]. Similarly, Zhang et al. provided an overview of clinical trials that focus on utilizing 
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CRISPR/Cas systems for the treatment of cancer, hematological disorders, endocrine diseases, immune system conditions [42]. 
Tianxiang Li et al. review the latest developments in gene-editing types, delivery vectors, and disease characteristics [43]. In this 
section, the latest references are summarized to offer an overview of CRISPR applications in genetic diseases, infectious diseases, 
cancers, and pathogen diagnostic platforms. Compared to previous reviews, this section concentrates on the mechanisms and impacts 
of CRISPR in these clinical scenarios.

3.1. CRISPR-based treatment for genetic diseases

Researchers are currently employing CRISPR-Cas9 technology to explore potential treatments for various rare genetic disorders, 
including hereditary hemoglobinopathies [44], Leber congenital amaurosis type 10 (LCA10) [45], and severe combined immuno-
deficiency (SCID) [46]. The outcomes of these endeavors have yielded promising results, fostering optimism within the scientific 
community.

Transfusion-dependent β-thalassemia (TDT) and sickle cell disease (SCD) are severe monogenic disorders that can have life- 
threatening complications [47–49]. These conditions are characterized by the repression of γ-globin expression and fetal hemoglo-
bin synthesis in erythroid cells, a process regulated by the transcription factor BCL11A [50]. Frangoul et al. employed an electro-
poration method to introduce CRISPR-Cas9 targeting the BCL11A erythroid-specific enhancer in CD34+ hematopoietic stem and 
progenitor cells derived from healthy donors (Fig. 2A). Patients who underwent treatment with autologous CD34+ cells edited using 
CRISPR-Cas9 demonstrated significant allelic editing in both bone marrow and blood, resulting in widespread increases in fetal he-
moglobin levels and the complete elimination of vaso-occlusive episodes [44]. Similarly, LCA10 is a severe retinal dystrophy caused by 
mutations in the CEP290 gene [51–54]. Morgan L. Maede et al. delivered S. aureus Cas9 protein (SaCas9) and two CEP290-specific 
guide RNAs (gRNAs) to photoreceptor cells by subretinal injection using an AAV5 vector (Fig. 2B). The patients receiving this 
treatment demonstrated mild but favorable clinical improvement, without any indication of toxicity or serious adverse effects [45].

Building on advances in CRISPR-Cas technology, David Liu et al. successfully devised a single base editing technology called 
adenine base editing (ABE) [55]. This ABE approach involves the fusion of a catalytically impaired Cas9 nickase (Cas9n) with a 
DNA-modifying deaminase enzyme, facilitating the direct conversion of A⋅T-to-G⋅C base pairs (Fig. 2C). Notably, ABE circumvents the 
need to introduce double-stranded breaks (DSBs) and reduces the occurrence of indel byproducts [56]. The efficacy of this strategy has 
been substantiated in the treatment of various diseases in clinical trial, including SCID, demonstrating noteworthy therapeutic out-
comes [46].

3.2. CRISPR-based treatment for infectious disease

The CRISPR-Cas system can also be used to treat infectious diseases such as cervical cancer caused by human papillomavirus, 
hepatocellular carcinoma caused by HBV infection, and acquired immunodeficiency syndrome (AIDS) caused by human immuno-
deficiency virus (HIV). CCR5, a cell membrane protein belonging to the superfamily of G protein-coupled receptors (GPCRs), is one of 
the key co-receptors involved in HIV-1 entry into living cells. Inactive mutations in the CCR5 protein can inhibit HIV-1 binding in vivo. 
The researchers used the CRISPR-Cas9 system to remove the CCR5Δ32 gene from donor CD34+ hematopoietic stem cells and then 
transplanted them into patients with AIDS-related leukemia, opening new frontiers in the treatment of AIDS and related diseases [57]. 
Similarly, in the process of using gene editing technology to treat HBV infection, the researchers produced four sgRNAs targeting 
conserved regions of HBV and further transfected the sgRNA-Cas9 plasmid into mice and found that the amount of HBV protein in the 
mice was significantly reduced, suggesting that CRISPR-Cas9 technology may offer a breakthrough in the treatment of HBV infection 
[58]. CRISPR-Cas9 technology has been used to inactivate the E6 and E7 genes of HPV to slow the progression of cervical cancer [59]. 

Fig. 2. (A) Schematic of the editing strategy for TDT and SCD; the sgRNA-targeted editing sites at the BCL11A erythroid-specific enhancer region, 
with the five exons of BCL11A labeled in gold boxes, GATA1 indicating the GATA1 transcription factor binding site, and PAM denoting the NGG 
DNA sequence after the Cas9 target DNA sequence; (B) The editing strategy for LCA10 involves flanking the IVS26 mutations with CEP290 gRNAs 
323 and 64, leading to productive editing through the deletion or inversion of the intervening sequence; (C) The schematic of ABE for CD3d SCID 
shows that correcting the disease-causing defects is possible by developing ABE.
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This report suggests that advances in genome editing using CRISPR-Cas technology may lay promising foundations for the treatment of 
infectious diseases.

Coronavirus disease 19 (COVID-19) is an acute respiratory infection caused by the SARS-CoV-2 virus, which was first reported in 
Wuhan, China in late 2019 and is the seventh coronavirus found to infect humans, posing a serious threat to humans [60]. Unfor-
tunately, there are not many effective diagnostic technologies available to detect COVID-19, but CRISPR-Cas technology, which can 
accurately and rapidly identify pathogens with a fast detection speed of about 30 min from initial sample to final result [61], has been 
used to detect RNA viruses and identify bacterial pathogens, including influenza A virus and vesicular stomatitis virus [62,63]. Many 
scientists are developing CRISPR-based COVID-19 detection tools. Several Cas systems, such as Cas13a, Cas12a and Cas10, have been 
studied for successful nucleic acid detection.

3.3. CRISPR-based diagnosis and treatment for cancer

Given its renowned versatility in gene editing, the CRISPR-Cas9 system provides a strong framework for advances in cancer 
diagnosis and therapy. In that context, CRISPR-DS (CRISPR-Duplex Sequencing) is an innovative technique that utilizes Cas9-mediated 
digestion selectively to release megabase-sized fragments from genomic DNA [64]. This strategy offers numerous benefits, such as 
efficient target enrichment of small genomic regions, uniform sequencing coverage, ultra-precise readouts, and reduced DNA input 
requirements [64]. In a previous study, Julia Matas et al. utilized this strategy to investigate patients with colorectal cancer [65]. They 
identified a high prevalence of oncogenic KRAS and TP53 driver mutations in the normal colonic epithelium located away from the 
primary tumor in patients with colorectal cancer, highlighting the potential of these mutations as valuable markers for assessing 
colorectal cancer risk in clinical practice [65].

Chimeric Antigen Receptor (CAR) T-cells have undoubtedly revolutionized personalized cancer therapy [66]. While their success 
has been conspicuous in refractory B-cell malignancies, the optimization of CAR T-cell therapy for various other cancers, especially 
solid tumors, remains elusive. This can be attributed to challenges such as T-cell exhaustion, limited persistence of CAR T-cells, 
cytokine-related toxicities, and constraints associated with manufacturing autologous products [66]. In comparison, engineered T cell 
receptor-T (TCR-T) cell therapy, constructed using CRISPR-Cas9 technology, offers a more promising approach [67]. By introducing 
defective phenotypes of PD-1 [68], [69], TGF-β receptor II (TGFBR2) [70], CD7 and TRAC [71], the circulating number of TCR-T cells 
is increased. This gives this alternative therapy great potential to target a broad range of antigens, thus expanding the horizons for 
cancer treatment (Fig. 3).

3.4. CRISPR-based novel detection techniques

The CRISPR-Cas system has demonstrated significant potential in advancing the development of pathogen detection platforms. 
These platforms harness the specificity of the CRISPR-Cas system to target unique sequences in the pathogen’s genome, facilitating 
precise and sensitive detection of these pathogens (Table 1).

Fig. 3. Ex vivo CRISPR engineering of human T cells for adoptive T cell therapy; Allogeneic and autologous T cells can be tested to investigate the 
effect of CRISPR technology in tumor infiltrating lymphocytes (TILs) and chimeric antigen receptor (CAR) T cells.
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Kellner et al. have developed an innovative diagnostic tool based on CRISPR technology, combining nucleic acid pre-amplification 
with CRISPR-Cas enzymology to precisely detect and target desired DNA or RNA sequences. This novel strategy, known as Specific 
High Sensitivity Enzymatic Reporter UnLOCKing (SHERLOCK), enables the simultaneous detection of multiple RNA or DNA targets 
with exceptional sensitivity (Fig. 4A) [72,73]. SHERLOCK has demonstrated its ability to detect genotypes of bacterial and viral in-
fectious disease agents, including SNP and antibiotic resistance genes [74]. Notably, SHERLOCK has successfully detected Zika and 
Dengue viruses directly from patient urine and serum samples, providing evidence of its potential in the field [73].

In a parallel endeavor, Janice S. Chen et al. ingeniously merged target-dependent Cas12a ssDNase activation with isothermal 
amplification, thereby giving birth to the innovative technique known as DNA Endonuclease Targeted CRISPR Trans Reporter 
(DETECTR) [75]. This approach not only achieves an unprecedented attomolar sensitivity for nucleic acid detection but also showcases 
a remarkable proficiency in rapidly and specifically detecting HPV and SARS-CoV-2 within human patient samples (Fig. 4B) [75–77]. 
Consequently, DETECTR has emerged as a simple platform for point-of-care diagnostics based on nucleic acid analysis.

4. Conclusions

In this review we have examined the intricate regulation of its activity by a diverse array of intracellular and extracellular factors, 
and illuminated its multifaceted application in the treatment of genetic diseases and tumors, and in the accurate detection of path-
ogens. There remain, however, several unresolved concerns regarding the use of the CRISPR-Cas system for gene editing. One of the 
major concerns with CRISPR-Cas is the potential for off-target effects, where the Cas enzyme may unintentionally edit DNA sequences 
leading to unintended consequences such as cancer or other genetic disorders. In addition, the body’s immune system might recognize 
CRISPR-associated proteins, particularly Cas9, as foreign and initiate an immune response. This reduce the effectiveness of the therapy 
and potentially cause inflammation or other immune-related issues. Furthermore, viral vectors, nanoparticles, and other delivery 
technologies must be further optimized to accurately and specifically deliver CRISPR-Cas components to target cells or tissues. 
Inefficient delivery can result in suboptimal editing, while viral vectors pose risks of insertional mutagenesis and immune responses.

Table 1 
Technologies for detecting pathogens based on the CRISPR-Cas system.

Types Technical platform Cas protein Pre- 
amplification

Limit of detection Pathogen Year/ 
Ref.

Type I- 
E

CONAN Cas3 RT-LAMP 1 copy/μL SARS-CoV-2, 
IAV

2022 
[78]

Type II SCC-LFS Cas9 – 1 CFU/mL S. aureus 2024 
[79]

Type III SCOPE Cas10 LAMP 800aM SARS-CoV-2 2021 
[80]

 CRISPR-Csm-based detection Cas10 RT-LAMP 200 copies/mL SARS-CoV-2 2021 
[81]

Type V MoECS Cas12 – fmol/L SARS-CoV-2 Delta variant 2022 
[82]

 CRISPR-ENHANCE LbCas12a RT-LAMP – SARS-CoV-2, HIV, HCV 2022 
[83]

 Cards-SSJ/K Cas12a RPA 10 CFU/mL S. suis serotype 2 2024 
[84]

 RPA-CRISPR/Cas system Cas12a RPA one parasite per 
milliliter

Neospora caninum 2024 
[85]

 CRISPR/Cas12a-SERS Cas12a – 100 nM-10 fM African swine fever virus 2024 
[86]

 RPA/CRISPR/Cas12a detection 
platform

Cas12a RPA 1 copy/μL P. aeruginosa 2024 
[87]

 CBD platform Cas12a ERA 1 CFU/mL S. aureus 
L.monocytogenes

2024 
[88]

 MP-RPA-CRISPR Cas12b RPA 5 fg M. pneumoniae 2023 
[89]

 sPAMC LbCas12a RPA 1 copy/μL SARS-CoV-2 2022 
[90]

 CRISPR/Cas14a-G4 Biosensor Cas14a PCR 5 copies/μL African swine fever virus 2024 
[91]

 ACasB Cas14a1 – 400 CFU/mL S. aureus 2022 
[92]

Type VI mCARMEN LwCas13a PCR, RPA 100 copies/μL 21 types of human respiratory 
viruses

2022 
[93]

 SCOPE Cas13a RPA 0.5 copies/μL Monkeypox virus 2024 
[94]

 CRISPR-Cas13a-based detection LwaCas13a RPA 69 copies/μL Avian influenza virus 2023 
[95]

 CRISPR/Ca13a-MTB LwCas13a PCR 1 copy/μL M. tuberculosis 2023 
[96]
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CRISPR interference (CRISPRi) uses an inactivated form of the Cas9 protein (dCas9) to bind to gRNA and target specific DNA 
sequences near the gene of interest. This binding prevents the transcription machinery from accessing the gene, effectively inhibiting 
the expression of that gene. CRISPR activation (CRISPRa) enhances the transcriptional activity of the target gene by fusing tran-
scription activating factors (such as VP64, VPR, SAM, or SunTag) onto dCas9 and guiding this complex to the promoter region using 
sgRNA. CRISPRa provides a powerful tool for overexpression of specific genes, particularly suitable for studying gene function and 
disease mechanisms. By using specific guide RNAs that target the desired genes, CRISPRi and CRISPRa systems effectively promote 
gene silencing or activation, giving researchers the ability to precisely and reversibly manipulate gene expression [97,98].

In addition, as an intrinsic regulator of the CRISPR-Cas system, Acrs can precisely inhibit CRISPR-Cas system function. By intro-
ducing Acrs alongside CRISPR-Cas system components, researchers can fine-tune the timing and extent of gene editing to better control 
and reduce off-target effects. Timely delivery of AcrIIA4 to human cells has been shown to reduce off-target editing while maintaining 
desired on-target editing effects [99]. In particular, fusion of Acrs mutants with Cas9 has been shown to be an effective way to reduce 
unwanted off-target effects associated with gene editing [100]. According to the report, timed administration of AcrIIA2 and AcrIIA4 
effectively regulated the duration of CRISPR-Cas9 activity, reducing cytotoxicity and increasing engraftment rates of human he-
matopoietic stem cells, with no effect on the rate of targeted genome editing [101].

While a few questions still linger, CRISPR continues to play a prominent role in the race to become the preferred tool for genome 
editing, poised to make a lasting impact in cancer treatment, drug design, and the management of genetic diseases. CRISPR-Cas based 
toolkits have demonstrated the potential for gene knockout, gene knockin, single-base and multi-base substitution, as well as tran-
scriptional regulation. Our comprehension of biology and disease has greatly progressed thanks to this transformative technology.
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Fig. 4. (A) The SHERLOCK assay steps consist of pre-amplifying the input DNA or RNA target, converting it to RNA through T7 transcription, and 
subsequently recognizing and binding by the Cas13-crRNA complex, which activates RNAse activity and results in the unquenching of the fluo-
rescent RNA reporter; (B) the DETECTR assay involves extracting DNA, pre-amplifying it, and mixing it with CRISPR components, including Cas12 
protein and a single-guide RNA (sgRNA), along with a fluorescent reporter. When the target DNA is introduced, Cas12 binds and activates, cleaving 
the reporter and releasing a fluorescent signal.
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