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Abstract: Advancements in biological and medical science are intricately linked to the
biological central dogma. In recent years, gene editing techniques, especially CRISPR/Cas
systems, have emerged as powerful tools for modifying genetic information, supplement-
ing the central dogma and holding significant promise for disease diagnosis and treatment.
Extensive research has been conducted on the continuously evolving CRISPR/Cas systems,
particularly in relation to challenging diseases, such as cancer and HIV infection. Con-
sequently, the integration of CRISPR/Cas-based techniques with contemporary medical
approaches and therapies is anticipated to greatly enhance healthcare outcomes for humans.
This review begins with a brief overview of the discovery of the CRISPR/Cas system. Sub-
sequently, using CRISPR/Cas9 as an example, a clear description of the classical molecular
mechanism underlying the CRISPR/Cas system was given. Additionally, the development
of the CRISPR/Cas system and its applications in gene therapy and high-sensitivity disease
diagnosis were discussed. Furthermore, we address the prospects for clinical applications
of CRISPR/Cas-based gene therapy, highlighting the ethical considerations associated
with altering genetic information. This brief review aims to enhance understanding of
the CRISPR/Cas macromolecular system and provide insight into the potential of genetic
macromolecular drugs for therapeutic purposes.

Keywords: gene editing; CRISPR/Cas macromolecular system; gene therapy; bioanalytical
methods

1. Introduction

The central dogma of molecular biology, which describes the flow of genetic in-
formation from DNA to RNA to protein, has been widely accepted by scientists in the
fields of physiology and medicine [1,2]. Over time, the central dogma has undergone
refinement through the efforts of projects such as the Human Genome Project and
the Human Epigenome Project [3,4]. And these advancements have led to the devel-
opment and improvement of various disciplines including genetics, epigenetics, and
bioinformatics. Furthermore, the applications of the central dogma have expanded
to encompass numerous areas of medicine and pharmaceutical research, such as an-
timicrobial therapy, immunotherapy, gene therapy, and new drug discovery [5,6].
Therefore, the continuous refinement and application of the central dogma are crucial
for healthcare and medical innovation.

According to the central dogma of molecular biology, the proteins responsible
for phenotypic functions are primarily determined by the original DNA sequence
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of genes. Therefore, gene editing, which involves purposefully altering the gene se-
quence, enables the desired expression of functional proteins in cells, leading to a
change in cellular phenotypic function. Notably, in the last two decades, significant
advancements have been made with the discovery of the clustered regularly inter-
spaced short palindromic repeats (CRISPR), the Cas9 protein, and the elucidation of
Cas9-RNA-DNA interactions. This breakthrough has led to the development of a new
gene editing technology based on the CRISPR/Cas system, which offers high efficiency
and low resource consumption [7-10]. The CRISPR/Cas-based strategy has success-
fully enabled gene editing in various types of prokaryotic and eukaryotic cells, and
has also facilitated disease biomarker detection [11]. As a result, it is anticipated that
with ongoing development, the CRISPR/Cas-based system will be further integrated
into modern medical therapies to address current challenging diseases. To summarize,
the advancements of the CRISPR/Cas system in gene editing technologies hold great
promise for expanding the scope of medical interventions and treatments. Moreover,
the CRISPR/Cas system continues to undergo rapid development, with constant im-
provements in efficiency, specificity, and delivery methods. Concurrently, the field
is witnessing an accelerating push towards clinical translation, moving CRISPR/Cas
from a research tool to a potential therapeutic modality. Given this dynamic landscape,
a timely review that captures the current advancements and prospects is essential to
guide researchers and clinicians.

This review will initially focus on the historical background of the CRISPR/Cas
system to elucidate its evolution as a recognized gene editing tool. Subsequently,
the molecular mechanism underlying gene editing mediated by Cas9, which holds
paramount importance within the Cas protein family, will be thoroughly elucidated.
In addition to CRISPR/Cas9, the evolutions of CRISPR/Cas systems were introduced.
Furthermore, the diverse applications of CRISPR/Cas in biomedical therapy and dis-
ease biomarker diagnosis will be introduced. Finally, beyond discussing the prospects,
the review delves into the potential ethical issues intrinsic to CRISPR/Cas technology
that distinguish it from previous medical technologies. The brief organization and
description of the review were present in Scheme 1. This essay aims to give a compre-
hensive but brief introduction to the developing CRISPR/Cas-based techniques and
induce ethical considerations arising from gene editing.
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Scheme 1. The brief organization and description associate with the CRISPR/Cas-based macromolec-
ular system discussed in the review.

2. Construction History of the CRISPR/Cas-Based Gene Editing System
2.1. Discovery and Mystery of CRISPR

In 1987, Ishino et al. discovered a series of DNA repeats in the Escherichia coli (E. coli)
genome consisting of highly homologous sequences with 29 base pairs [12]. These repeats
were located in non-coding regions and did not attract significant research interest at that time.
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However, 15 years later, they were named clustered regularly interspaced short palindromic
repeats (CRISPR) when CRISPR-associated (cas) genes were discovered [13]. The CRISPR
phenomenon was also observed in other prokaryotic genomes such as Archaea [14]. Mojica
et al. made a breakthrough by aligning and analyzing DNA sequences. They found that
CRISPR spacers showed high homology with sequences from bacteriophages, which are viruses
that infect prokaryotic cells like E. coli [15]. Based on this homology, Mojica et al. inferred a
connection between prokaryotic CRISPR and its immunity against exogenous viral DNA.

2.2. Cas9 Protein and Associated Binding RNAs

Subsequently, the focus of CRISPR research shifted to cas genes, which encode a big
family of Cas proteins [16,17]. Haft et al. extensively characterized four Cas proteins (Casl,
Cas2, Cas3, and Cas4) through bioinformatics analysis [16]. Of particular significance
is the functional characterization of Cas9 protein in establishing the CRISPR/Cas gene
editing system. Marraffini et al. reported the existence of small CRISPR RNAs (crRNAs)
transcribed from CRISPR sequences and demonstrated crRNAs-dependent autoimmunity
in Staphylococcus epidermidis against foreign DNA interference [18]. Garneau et al. demon-
strated the indispensable role of Cas protein expression in Streptococcus thermophilus for
conferring immunity against foreign plasmids or phages [19]. Additionally, Deltcheva et al.
discovered the essential involvement of tracrRNA (trans-activating CRISPR RNA), formed
in Streptococcus pyogenes, in protecting against prophage DNA invasion by interacting with
the Cas9 protein [20]. Thus, unraveling the specific molecular mechanism underlying
CRISPR-mediated self-protection against foreign DNA infections necessitates elucidating
the intricate interplay among Cas9 protein, tractrRNA, crRNA, and exogenous DNA.

2.3. Revelation of the CRISPR/Cas System

Encouragingly, a significant advancement was made by Jinek et al. when they eluci-
dated the intricate molecular mechanism underlying complex interactions. They discovered
that a protein-RNA complex, consisting of Cas9 protein, tracrRNA and complementary cr-
RNA, facilitates the double-stranded DNA break (DSB) of double-stranded DNA (dsDNA)
through recognition of the protospacer adjacent motif (PAM) sequences and homologous
sequences within the crRNA (the detailed process will be present in the next section) [21].
Additionally, Jinek et al. demonstrated that a single RNA molecule, formed by linking
tracrRNA and crRNA, can also associate with Cas9 to perform the same function of me-
diating DSB [21]. Importantly, as DSB often induce DNA repair process that can modify
genomic DNA sequences in vivo, they proposed that the CRISPR/Cas9 system holds im-
mense potential as a tool for precisely altering gene sequences at targeted loci, namely gene
editing [21]. Subsequently, Cong et al. reported successful application of the CRISPR/Cas
system for multiple gene editing in eukaryotes at the cellular level [22]. Although numerous
advancements and updates have been made in the CRISPR/Cas system research afterward,
the gene editing capabilities of the CRISPR/Cas9 system were thoroughly explained and
established up to this point.

3. Detail Process of CRISPR/Cas-Mediated Gene Editing

A successful and CRISPR/Cas-mediated gene editing involves two key steps: (1) the
CRISPR/Cas system mediates a site-specific DSB in the genomic DNA, and (2) the cell
activates the DNA damage repair (DDR) system to repair the DSB, resulting in a modified
DNA sequence. In this section, we will discuss these two steps in detail, focusing on Cas9
protein-mediated gene editing.
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3.1. Targeted DSB by the CRISPR/Cas System

Understanding the sequences of participated nucleic acid including crRNA, tracrRNA
and target dsDNA, and the structure of Cas9 protein is crucial. The crRNA typically
consists of 2024 bases and encompasses a sequence complementary to one single-stranded
DNA (ssDNA) of the target dsDNA at its 5’ segment, while its 3’ segment contains another
sequence complementary to one single-stranded RNA (ssRNA) part of tracrRNA [23].
The tracrRNA is an elongated ssRNA with approximately 75-170 bases [24]. Apart from
processing a complementary segment to the 3’ end of the crRNA, which forms a stem-loop
structure, tractRNA tend to form three additional stem-loop structures using its remaining
bases [25]. Notably, by adhering to specific sequence and structural requirements, crRNA
and tracrRNA can be fused together into a single-guide RNA (sgRNA) using a short RNA
linker consisting of a few bases. In the case of the target dsDNA, in addition to having
a complementary segment with crRNA, the adjacent downstream sequence of the non-
complementary ssDNA must contain a brief sequence known as protospacer adjacent
motif (PAM), which typically consists of 2—6 base pairs. For the Cas9 protein-based gene
editing system, the PAM sequence is generally NGG, where G represents the guanine
deoxybase, and N denotes any of the four DNA deoxybases (adenine: A, G, cytosine: C,
and thymidine: T) [21]. The Cas9 protein itself is a sizable molecule weighing approximately
160 kDa and comprising 1100 to 1400 amino acid residues, contingent upon its biological
origins [26,27]. Irrespective of the biological source, this large protein encompasses multiple
distinct functional protein domains involved in mediating DSB, which includes three RuvC
nuclease domains (RuvC-I, RuvC-II, and RuvC-III), three helical domains (Hel-I, Hel-II,
and Hel-III), two L domains (L-I and L-II), one HNH nuclease domain, one arginine-rich
bridge helix (Arg), and one C-terminal domain (CTD) [28].

There are two primary techniques for integrating CRISPR/Cas9 gene editing systems
into the target genome of cells. The first method involves co-incubating Cas9 protein with
sgRNA (or hybridized crRNA and tracrRNA) to form a complex known as Cas9-sgRNA
(or Cas9-crRNA-tracrRNA). This complex is then introduced into the desired cells through
microinjection [29]. Alternatively, the second approach utilizes the transfection of plas-
mids carrying genes that encode Cas9 proteins and produce sgRNA within the cells of
interest using genetic engineering techniques. This enables the in vivo formation of a gene
editing complex [30]. Once the integration step is accomplished, the Cas9—RNA complex
functions like a cruise missile, searching for homologous target dsDNA sequences within
in the genome. It selectively hybridizes with the complementary ssDNA of the target
dsDNA, while the non-complementary ssDNA is displaced, ultimately forming an R-loop
structure [31]. Subsequently, the Cas9 protein undergoes rapid conformational changes,
leading to site-specific hydrolysis reactions on the phosphate backbone of the comple-
mentary ssDNA and the non-complementary ssDNA dependent on the HNH nuclease
domain and RuvC nuclease domains, respectively [28]. Ultimately, this process results in
the highly specific creation of a DSB at the target dsSDNA within the genome, mediated by
the CRISPR/Cas9 system.

3.2. DSB Repair and the Two Major Mechanisms

Although the aforementioned biochemical reactions eventually lead to DSB, they
do not inherently enable gene editing without an essential additional step DNA repair.
Perhaps, due to the excitement surrounding the establishment of the CRISPR/Cas system,
the DNA repair process associated with DSBs and its impact on altering gene sequences
can be easily overlooked in this field. However, DNA repair is a crucial process in various
biological phenomena such as cancer, neurodegenerative diseases, and aging [32,33].
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In general, both external factors (e.g., nucleic radiation) and internal factors (DNA
metabolism during cell replication and differentiation) have a certain probability of causing
DNA damage and breakage within cells, subsequently activating the cellular DNA repair
mechanisms [32,34]. Given the abundance of DNA damage, there exists a diverse array
of DNA repair pathways involving multiple and complex interactions between proteins
and DNA [35]. The two primary modes of DSB repair currently known are on-homologous
end joining (NHE]) and homologous recombination (HR). NHE] involves the ligation
of broken DNA ends facilitated by the Ku70/80 protein [36]. On the other hand, HR
utilizes a homologous dsDNA molecule as a template for repair [37]. In HR, the DNA
ends undergoing DSB first undergo two 3’ end resections mediated by specific enzymes.
Next, RecA /Rad51 family proteins facilitate the pairing of these two resected ends with
homologous DNA regions within the genome, leading to the formation of two D-loops.
Subsequently, these two D-loops extend their end resections through complementary
ssDNA using DNA polymerase and are ligated to the phosphate group at the 5 end of the
opposing resected end by DNA ligase, resulting in the formation of a holiday junction (H]J).
Finally, a series of DNA endonuclease and ligases resolve the H]’s topology, separating it
into two distinct dSDNA molecules to complete HR repair [38].

During the NHE] pathway, exonucleases such as MRE11 are involved before the liga-
tion process, resulting in the repaired DNA being slightly shorter compared to its pre-DSB
state [39]. Additionally, the sequence of repaired dsDNA mediated by HR often differs from
the original sequence primarily due to the resolution of HJ structure [40]. Consequently,
the ultimate outcome of CRISPR/Cas9-mediated gene editing is the alteration of the DNA
sequence through the DNA repair process.

4. Evolutions of the CRISPR/Cas System

In recent years, substantial advancements have been made in the field of genetic
engineering, metagenomics, and protein purification technologies. These advancements
have greatly contributed to progressive evolution of the CRISPR/Cas system. Current
research endeavors primarily concentrate on the construction, exploration, and functional
characterization of novel Cas proteins. The primary objective behind these efforts is to
improve the efficacy and versatility of the CRISPR/Cas system for gene editing applications
while also exploring its potential utilization in non-gene editing domains.

4.1. CRISPR/dCas-Induced Gene Silencing

Gene silencing mediated by dead Cas9 (dCas9) represents an early breakthrough in the
evolution of the CRISPR/Cas system. It has gained widespread application in molecular
biology laboratories for the precise regulation of protein expression levels in target genes
within cells [41]. Small interfering RNA (siRNA)-based techniques have emerged as nucleic
acid drugs for clinical treatments, addressing conditions such as polyneuropathies and
atherosclerotic cardiovascular disease (ASCVD) [42,43]. However, siRNA-induced gene
silencing operates at the transcriptome level rather than directly targeting the genome.
Moreover, the potential off-target effects (OTEs) resulting from siRNA’s binding to non-
target genes may lead to genotoxicity toward the intended therapeutic target [44]. Over-
coming these limitations, dCas9-mediated gene silencing offers substantial advantages.
Unlike Cas9 protein, dCas9 lacks functional HNH nuclease and RuvC nuclease domains,
thereby preventing DSB upon complex formation between dCas9, sgRNA, and the target
dsDNA [45]. Exploiting this property, anchoring the dCas9-sgRNA complex to a specific
genomic position containing the target gene’s transcription start site (TSS), along with
the necessary PAM sequence, enables effective gene silencing by impeding the activity
of transcription factor proteins responsible for transcribing downstream genes into RNA.
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With this high specificity and affinity for dsDNA rather than RNA, the CRISPR/dCas9
system exhibits lower OTEs compared to siRNA-based gene silencing [46].

4.2. CRISPR/Cas-Mediated Point Mutation Gene Editing

Point Mutation, also referred to as single-base gene mutations, plays a significant role
in the development of various anemias such as [3-thalassemia, sickle cell anemia [47,48]. Ad-
ditionally, point mutations in tumor suppressor proteins have been identified as causative
factors in cancer formation [49]. Precise single-base gene editing holds great potential for
treating diseases caused by these specific point mutations at the genetic level. Addressing
this challenge, Komor et al. devised a strategy involving fusion protein consisting of dCas9
tethered to cytidine deaminase, enabling targeted single-base editing at specific genomic
loci (C = T or G — A) [50]. The approach utilizes the fundamental principles of the
CRISPR/dCas9, wherein fusion protein is positioned precisely at the target single base site
within the genome. Subsequently, the tethered cytidine deaminase identifies and oxidize
a site-specific cytosine, converting it to uracil (U). During subsequent DNA replication
or repair processes, this U-carrying point mutation is transformed into a T, resulting in a
complementary base change from G to A. Furthermore, the research group successfully
integrated dCas9 with a hypothetical deoxyadenosine deaminase, enabling single-base
editing of T — C or A — G in genomic DNA [51]. Notably, this CRISPR/dCas9-mediated
single-base editing technique avoids causing DSB, thus minimizing additional burden on
the gene editing process. Moreover, the concept of fusing Cas protein with other func-
tional proteins for biological purposes has demonstrated its significance in various areas of
research, including enhancing genome editing efficiency, improving homology-directed
repair efficiency, live-cell imaging, prime editing, and epigenetic gene silencing [52-56].

4.3. Smaller CRISPR/Cas System Designation to Facilitate Gene Editing

As discussed earlier, the Cas9 protein has a substantial molecular weight of approxi-
mately 160 kDa, posing challenges for efficient integration of Cas9—sgRNA complexes or
plasmids expressing the CRISPR/Cas9 system into cells [57]. To address this limitation,
alternative Cas proteins with comparable functionality but smaller sizes have been identi-
fied successively. Notably, four distinct Cas proteins from different biological sources have
emerged as mini CRISPR/Cas gene editing systems due to their reduced dimensions. These
include Cpfl (also known as Casl12a) derived from Acidaminococcus and Lachnospiraceae
(~150 kDa) [58], Cas14 from uncultivated archaea (40-70 kDa) [59], Cas® from huge phages
(~70 kDa) [60], and Cas12f from Acidibacillus sulfuroxidans (approximately 61.5 kDa) [61].
Despite their smaller sizes, these Cas proteins retain similar functionality as Cas9 and
exhibit robust target recognition capabilities when engaging with the target dsDNA dur-
ing gene editing processes. The growing trend of identifying mini CRISPR/Cas systems
suggests that further exploration will likely yield additional small Cas proteins, thereby
facilitating more accessible and refined gene editing techniques.

5. Applications of the CRISPR/Cas System in Diseases Therapy
and Diagnosis

The central dogma originally postulated that the functional characteristics of a protein
are primarily determined its gene sequence. Exploiting this principle, the portable and robust
CRISPR/Cas-mediated gene editing system, in conjunction with cellular immunobiology, has
been extensively investigated and applied in immunotherapy. By modifying the functionality
of key proteins involved, this approach aims to enhance therapeutic outcomes. Moreover,
the development of CRISPR/Cas-based treatments directly targeting viral nucleic acids is
gradually gaining traction. Recent advancements have unveiled novel Cas proteins that
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exhibit distinct nucleic acid interaction properties compared to Cas9. Apart from their gene
editing applications, these newly discovered CRISPR/Cas systems have also been harnessed
as elegant bioanalytical methods for highly sensitive disease biomarker detection.

5.1. Enhancement of New CAR-T Therapy

CAR-T therapy, which stands for chimeric antigen receptor T-cell therapy, is a cancer
immunotherapy approach that enhances the immune response of specific T cells [62].
Essentially, CAR-T therapy involves genetically modifying T cells to express a chimeric
antigen receptor, empowering them to more effectively target and eliminate cancer cells
in patients [63]. However, current methods of gene fragment integration used in CAR-T
therapy, such as y-retroviral, can lead to abnormal functional phenotypes in modified T cells
due to the random nature of gene insertion sites [64]. Thus, achieving precise gene insertion
into the T-cell genome holds promise for optimizing CAR-T therapy efficacy. Leveraging
the precise target recognition capabilities of the CRISPR/Cas9 system, analogous to a
guided missile as previously mentioned (Section 3.1), Eyquem et al. successfully directed
the CAR gene to integrate into the T-cell receptor a constant (TRAC) locus of T cells
using CRISPR/Cas9, resulting in enhanced potency of CAR-T cells compared to previous
methods [65]. Recently, Foy et al. developed a method utilizing CRISPR/Cas9 for precise
gene insertion and multi-locus gene knockdown in T cells [66], demonstrating its clinical
efficacy and safety. Moreover, for the treatment of T-cell acute lymphoblastic leukemia
(T-ALL), single-base editing involving quadruple CRISPR/Cas gene editing of CAR-T has
been developed, with related clinical trials receiving approved from the U.S. Food and
Drug Administration (FDA) [67].

5.2. Establishment of Gene Editing-Drived Anti-HIV Viral Therapy

Acquired immunodeficiency syndrome (AIDS) is a disease caused by human immun-
odeficiency virus (HIV) infection, which leads to the destruction of immune cells in the
body. HIV utilizes RNA as a template to efficiently carry out processes such as, reverse
transcription, DNA integration, DNA replication, protein expression, and assembly of new
viral particles within host cell [68]. Currently, the most effective treatment approach for
AIDS involves a combination of multiple drugs, commonly known as cocktail therapy.
This strategy simultaneously targets essential proteins involved in HIV replication using
two or more drugs [69]. However, HIV exhibits high mutability, and the emergence of
drug-resistant strains can lead to treatment failure due to the loss of inhibitory effects on
target viral proteins within the cocktail therapy regimen. Furthermore, the development
of chemical drugs typically entails a lengthy process of approximately ten to fifteen years,
potentially resulting in delays in implementing cocktail therapy for AIDS [70].

In an innovative approach, Kaminski et al. focused on targeting the reverse transcribed
DNA of HIV as a therapeutic strategy [71]. They employed the CRISPR/Cas system as a
molecular tool to cleave HIV DNA and inhibit viral replication in vivo. The study involved
designing a plasmid expressing saCas9, a smaller Cas protein compared to Cas9, along
with multiple sgRNAs targeting HIV DNA. These components were delivered via an
adeno-associated virus (AAV) delivery system, which was directed injected into HIV-1
Tg26 transgenic mice and rats. As a result, gene editing-mediated excision of HIV-1 DNA
was achieved, leading to suppression of HIV RNAs levels in various tissues of disposed
animals. Encouragingly, EBT-101, a CRISPR-based anti-HIV therapy, has obtained FDA
approval for human clinical trials in AIDS treatment, highlighting the promising potential
of the CRISPR/Cas system as an effective anti-HIV / AIDS therapeutic approach [72].
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5.3. Development of New Biomarker Assays Based on New CRISPR/Cas Systems

The widespread application of the CRISPR/Cas system for biomarker analysis can be
attributed to the discovery of two new Cas proteins, namely Cas13a and Cas12a. Cas13a, also
known as C2¢2, is derived from Leptotrichia shahii [73]. Unlike Cas9 which cleaves dsDNA,
Cas13a has the unique ability to cleave single-stranded RNA (ssRNA) independent of the
RNA sequence. This is accomplished through its RNA endonuclease domain, which is acti-
vated upon binding to crRNA and recognizing the target RNA [73]. The distinct properties of
Cas13a have made it a powerful tool in nucleic acid biomarker detection, as demonstrated by
Gootenberg et al.’s technology called specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) [74]. In SHERLOCK, the target DNA (or RNA) undergoes initial amplification
using a thermostatic exponential amplification method known as recombinase polymerase
amplification (RPA) (for RNA targets, reverse transcription is performed prior to amplifica-
tion). Subsequently, the amplified dsDNA is transcribed into ssRNA, which activates Cas13a
through one T7 transcription step. Finally, the activated Cas13a cleaves the RNA probe con-
taining fluorescent-quench groups, leading to the release of fluorescence. The magnitude of
the fluorescence signal represents the copy number of the detected nucleic acid. SHERLOCK
has been further enhanced and upgraded to version 2.0, enabling visual detection of Dengue
and Zika virus ssRNA on detection strips with exceptional sensitivity (down to 2.0 aM) [75].
Notably, an FDA-authorized SARS-CoV-2 testing kit based on SHERLOCK 2.0 has been
developed for viral RNA detection [76]. Cas13a has also found broad utility in the detection of
other biomarker or virus, including microRNA, DNA methylation, Ebola, influenza A (HIN1),
and hepatitis B virus (HBV) [77-82].

The utilization of CRISPR/Cas12a-based biomarker assays has attracted significant
research interest. Casl2a, previously known as Cpfl, was identified in Acidaminococcus
sp. [83]. Similar to Cas9, Cas12a processes gene editing capabilities and recognizes target
dsDNA containing a PAM with the assistance of crRNA [84]. Upon successful recognition,
the nuclease domain of Casl2a is exposed, leading to non-specific cleavage of ssDNA.
Although Cas12a shares similarities with Cas13a, the main difference lies in their respective
nuclease domains. Chen et al. reported the single-stranded DNase activity of Cas12a and
developed a strategy called DNA endonuclease targeted CRISPR trans Reporter (DETECTR)
for the analysis of human papillomavirus (HPV) in patient samples [84]. In principle,
DETECTR follows a similar experimental approach to is SHERLOCK, combining RPA
with the CRISPR/Cas system to achieve highly sensitive nucleic acid detection. However,
the use of DNA probes in DETECTR offers practical advantages in terms of experimental
manipulation and clinical testing due to their higher thermal stability and cost-effectiveness
compared to RNA probes. Consequently, recent bioanalytical investigations employing
CRISPR/Cas12a have become more prevalent than those using CRISPR/Cas13a, with a
focus on substituting nucleic acid amplification methods other than RPA and optimizing
nucleic acid probes or detection techniques to meet requirements of highly sensitive analysis
for various biomarkers [85-89].

6. Prospects

The discovery of new Cas proteins holds significant importance in the field of gene
editing, gene therapy, and biomarker diagnostics. Over the past decade, nearly every
discovered Cas protein has contributed to the emergence of a new CRISPR/Cas system
that finds wide applications in these domains. Consequently, utilizing macrogenomics,
molecular biology and cryogenic electron microscopy (Cryo-EM) techniques to identify
novel Cas proteins or functionally analogous proteins has become a prominent research
focus for subsequent investigations [90,91]. Another crucial area of concern is the occurrence
of off-target effects during gene editing with existing CRISPR/Cas systems. Although some
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technical methods have been developed to mitigate these effects, there remains an urgent
need to further reduce the genotoxicity associated with CRISPR/Cas applications [92].
Moreover, as CRISPR/Cas systems are poised to be developed into marketable drugs in
the near future, it is imperative to conduct pharmacological and pharmacokinetic studies.
The development of bioanalytical methods and corresponding guidelines will facilitate the
assessment of efficacy, ADME (abbreviation of absorption, distribution, metabolism, and
excretion) properties, and safety of CRISPR/Cas-associated drugs. Additionally, due to
the substantial molecular weight of CRISPR/Cas systems, the design of safe and targeted
drug delivery systems is paramount. Furthermore, it is essential not to overlook the social
and ethical implications raised by the CRISPR/Cas system in recent years, particularly
concerning its powerful gene editing capabilities. These issues often arise from decisions
regarding gene editing targets such as human embryonic cells [93]. Consequently, while
the clinical application of CRISPR/Cas shows promise, the development of a matching
gene editing therapeutic monitoring system is urgently required.

7. Conclusions

In summary, this essay endeavors to provide a structured and readily understandable
overview of the discovery history, molecular mechanisms, evolutionary developments, and
clinical applications of the CRISPR/Cas system. Over time, the continuous advancement
in understanding and application has led the CRISPR/Cas system to find extensive uti-
lization in laboratory research, immunotherapy, antiviral therapy, agriculture, and other
fields. While concerns regarding off-target effects and ethical considerations surrounding
CRISPR/Cas gene editing systems haven arisen in recent years, the significant contributions
of the CRISPR/Cas system to various domains appear to outweigh these challenges. Fur-
thermore, with ongoing in-depth research and further utilization of the CRISPR/Cas system
in the future, it is expected that related issues will be effectively addressed. It has been just
over 12 and 4 years since the molecular mechanism of CRISPR/Cas9 was unveiled and its
contributors, Jennifer Doudna and Emmanuelle Charpentier, were awarded the Nobel Prize
in Chemistry, respectively. The tremendous potential of the CRISPR/Cas macromolecular
system in biomedical research heralds an exciting decade of even greater advancements and
achievements, and this review hopes to lay a foundation for understanding and embracing
these progresses.
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