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Harnessing CRISPR for the Future: Innovations, Applications, and Challenges in
Genome Editing

ABSTRACT:

The advent of genome editing has opened up hitherto unimaginable avenues for research into
agriculture, treatment of hereditary disorders and other intricate biological processes, revolutionising
the fields which are at core of human civilization. CRISPR-based technologies are leading the charge
in this transformation due to their facile programmability and exceptional efficiency. The CRISPR
system revolutionizes genome editing with unprecedented precision, efficiency, and flexibility. It allows
targeted editing of specific DNA sequences, reducing off-target effects. This versatile tool is essential
in fields like biotechnology, agriculture, and healthcare. CRISPR's design and implementation are less
complex than ZFNs and TALENSs, allowing faster and cheaper experimentation. Its potential uses
include functional genomics research and agricultural development, transforming fields like
environmental research, agriculture, and medicine. The CRISPR system's popularity is on the rise
due to new versions and applications. Here in this comprehensive review, we take a look at where
CRISPR techniques for gene editing are at the moment, both in terms of research and in general, and
we point out the constraints they face as well as the technical advances that have come up to
overcome them. In addition, we take a look at the present state of gene editing approaches and
summarise them as they pertain to human food security and health aspect. Lastly, we discuss some
upcoming changes that may affect gene editing technology and its uses in the years to come.
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1. INTRODUCTION

Genome editing, the process of precisely and selectively altering an organism's DNA, is a
major step forward in molecular biology. From advancing our understanding of basic biological
processes to facilitating breakthroughs in biotechnology, agriculture, and medicine, its potential uses
are many and varied. The use of genome editing for gene therapy along with other genome-altering
applications has grown rapidly in recent years. In terms of genome editing technologies, CRISPR/Cas
nucleases, TALENs, and ZFNs stand out. At present, functional genomics is making use of genome
editing to effectively recognise genes and genetic elements that regulate gene expression and to
comprehend the molecular mechanisms by which genes interact with one another within the cell. In
addition, programmable nucleases allow for the confirmation of genes linked to human disease and
the deletion of genes in different cell lines. The ability of programmable nucleases to entirely quiet
genes that could not be muted by RNA interference is another remarkable achievement of this
popular method to functional genomics. Genome editing with CRISPR is entering a new age with the
regulatory approval of the very first CRISPR-based human treatment in late 2023. By highlighting its
present status, prospective future advancements, and the obstacles that need to be addressed to
completely realize its potential for agriculture and medicine, this study seeks to offer a comprehensive
overview of the genome-editing CRISPR landscape.

Fig.1: Sectors and application of genome editing tools
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2. GLIMPSE INTO HISTORY

Gene editing originally sprang from a need for better methods of fixing DNA damage in
eukaryotic creatures. To induce homologous recombination at particular locations, researchers in the
1990s demonstrated that homing endonucleases, such as I|-Scel, could recognize 18-bp DNA
sequences and generate an intended DNA double-strand break (DSB) in a cell. Originating from this
was the concept of genome editing using nucleases that produce double-strand breaks. In order to
build unigue nucleases via long recognition sites that might target specific sites in eukaryotic
genomes, scientists fused vague DNA endonucleases with tandem arrangements of sequence-
specific DNA linking modules. These engineered nuclease enzymes were then developed. The zinc-
finger nucleases (ZFNs) were the first to emerge in the early 2000s, but TALENS took their position in
2010 and 2011 (Andrew et al.,2011). These developments cleared the path for genome editing, but
the stringent design and generation procedures of ZFNs and TALENs made them challenging to use.
Because of their adaptability, specificity, and ease of programming, RNA-guided, CRISPR-
associated nucleases (Cas) were a game-changer upon their introduction (Joung et al.,2013).

Table 1. Differences between ZFN, TALEN and CRISPR: Genome editing tools.
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Evidence from 2007 suggests that bacterial CRISPR-Cas systems function as adaptive
genome defense mechanisms, able to detect and target foreign nucleic acids associated with phages
and other mobile genetic components (Rodolphe et al.,2007). The DNA fragments acquired from
intruders and stored in repeating matrices in these systems are processed and converted into
CRISPR RNAs (crRNAs) through transcription. By acting as molecular beacons and instructing
molecular machines composed of Cas proteins, crRNAs destroy invading nucleic acids. Newer
research has linked crRNA maturation to an additional RNA component known as trans-activating
crRNA (tracrRNA), and it has been demonstrated that type 1l CRISPR-Cas systems can break phage
DNA at specific locations (Carte et al.,2008). This process is facilitated by the enzyme Cas.
Biochemical studies in 2012 finally established that Cas9 is a DNA-cleaving endonuclease with
selectivity determined by a dual-RNA guide architecture consisting of crRNA and tracrRNA (Hatoum



et al.,2011). Merging tracrRNA and crRNA into an individual guide RNA (sgRNA) simplified the
CRISPR-Cas9 system and allowed for a completely configurable "one-nuclease-one-guide RNA"
approach. This breakthrough laid the groundwork for CRISPR genome editing methods, which allow
for the targeted delivery of Cas9 to a particular region of the genome through the use of
complementary sgRNAs. The following table 1 shows the difference between different techniques for
genome editing.

3. GENOME EDITING WITH CRISPR NUCLEASES

The ability to precisely target specific locations on DNA to cause double-strand breaks makes
CRISPR-Cas nucleases highly versatile for use in genome editing technologies. Streptococcus
pyogenes prototypical Cas9 protein (SpCas9) was one of the first Cas nucleases to be successfully
used for genome editing (Urnow et al.,2018). It remains the most popular gene editor due to its
naturally high activity and specificity. Cas9 may trigger its nuclease activity when it detects crRNA-
tracrRNA clusters or sgRNA guidance. To direct the Cas9 nuclease to the desired genomic region,
one can alter the 20-nt guide sequence on the 5-prime end of the crRNA. This will allow for canonical
base pairing with the DNA target. The presence of a short protospacer adjacent motif (PAM) on the
DNA's non-target strand (NTS), approximately downstream of the target site, provides further proof of
target binding (Pacesa et al.,2022). The initial recognition of the PAM causes local unwinding of the
target DNA. Subsequently, starting at the terminus nearest to the PAM, the guide RNA sequence
bases-pairs with the TS of the DNA in a 50/30 directed fashion. Because of this, Cas9's nuclease
domain becomes active through conformational changes (LeCong et al.,2013). Three nucleotides
upstream of the PAM sequence, Cas9 cleaves the double-stranded DNA substrate, resulting in
double-strand breaks (DSBs) with blunt ends or single-nucleotide overhangs.

In order to create double-strand breaks (DSBs), two domains-the RuvC domain and the Cas9
HNH domain cleave the TS and NTS, respectively (Hovarth et al.,2010). When one domain of Cas9 is
inactivated, it becomes an RNA-guided nickase; when both domains are inactivated simultaneously, it
becomes an RNA-guided DNA binding protein that can transport fused proteins to specific genomic
sites (Chuwang et al.,2021). A few years after Cas9, another Cas nuclease originating from type V
CRISPR-Cas systems, Casl2a, was discovered and repurposed for genome editing (Zhang et
al.,2021). While Cas9 needs a tracrRNA to activate, Casl2a may be able to catalyze nucleolytic
breakage of its own guides by recognizing a conserved pseudoknot structure in the repeat-derived
section of the crRNA. Multiplexed manipulation in vivo has made use of this feature. By using the
single RuvC domain enzymatic site to progressively cleave both strands inside the PAM-distal portion
of the target site, Casl2a produces 50 nucleotide overhangs (Jiao et al,.2024). Any DNA with a 5-
prime terminal TTTV PAM is its intended target. The PAM-distal DSB byproducts then dissociate from
the protein, leaving Casl2a in a functioning catalytic state that can cleave more ssDNA substrates
trans. When it comes to precise gene editing, Casl2a is just as effective as Cas9, another nuclease
with many practical uses (Hilary et al.,2023). Traditional approaches to genome editing rely on
stimulating the body's own DNA repair machinery to repair damaged DNA at precise locations. DSBs
generated by Cas9 or Casl2a enzymes are often repaired using end-joining pathways or accurate
homology-directed repair mechanisms (Bai et al.,2023). Nevertheless, mistakes can occur along
these channels. End-joining repair of DNA in mammals mostly involves re-ligation of broken DNA
terminals through mechanisms mediated by microhomology or non-homologous end joining. Prior to
re-ligation, which introduces or deletes nucleotides, the exposed ends of the DNA are processed. At
the location of the double-strand break, this results in tiny insertions or deletions known as indels (Min
et al.,2023).

Figure 2: Mechanism of gene editing by CRISPR Cas9
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In theory, this may be accelerated by repeatedly cleaving repaired DSBs until the number of
indels becomes too high to proceed. The main use of this technique is to achieve knockouts or
deletions in protein-coding sequences of genes by precisely introducing two double-strand breaks
(DSBs) close together (Liao et al.,2024). The ends-joining repair of Cas9-induced double-strand
breaks (DSBs) leads to reproducible editing, which includes deletions mediated by mismatch repair
(MMEJ), small deletions produced by non-homologous end joining (NHEJ) (Chaoyo et al.,2015), and
single nucleotide insertions (SNIs).

On the other hand, homologous DNA repair (HDR) is an exact DSB repair route that uses a
homologous DNA molecule to dictate the repair's outcome. The targeted genomic locus can be
precisely modified, inserted, or deleted via HDR by externally offering a synthetic homology repair
template (Tretbar et al.,2024). The repair templates, which can be artificial single-strand DNA
oligonucleotides or double-stranded DNAs (usually delivered by plasmids or viral vectors), include the
target mutation surrounded by sequences that are homologous to the sections on either side of the
double-strand break (DSB). Since HDR relies on repair proteins that are typically expressed only
during the S and G2 stages of the cell cycle, it is primarily active in actively dividing cells (Lu et
al.,2024). Nevertheless, this method does allow for altering with nucleotide precision in theory.
Consequently, the effectiveness of the HDR result is conditional on a number of variables that
influence the selection of DNA repair pathways to favorably boost HDR while suppressing end-joining
repair, such as the repair template type, delivery mechanism, cell type, and local chromatin context
(Shakirova et al.,2023). The figure 1 diagrammatically shows the mechanism of CRISPR Cas9 based
genome editing.

4. CRISPR LIMITATIONS

Many fields of basic and applied research have been significantly enhanced by repurposing
CRISPR-Cas systems as effective and simple programmable gene editing tools. This has paved the
way for the creation of targeted gene therapies and different biotechnological applications (Doduna et
al.,2020). In contrast to the expected functionalities of a precise genome editing tool, the functional
aspects of an extremely established biological defense system are different. Therefore, there are a
number of important issues that restrict the potential applications of first-generation CRISPR-based
gene editing tools (Pacesa et al.,2024). These include specificity, the scope of targeting, and the
necessity to depend on endogenous DSB repair processes to accomplish genomic alterations. Lastly,
there are certain limitations associated with the transfer of vectors and the cells or creatures that are
intended to receive CRISPR components (Li et al.,2023).

4.1 OFF-TARGET ACTIVITY

Natural CRISPR-Cas systems likely tolerate some degree of guide RNA discrepancies with
targets as an evolutionary reaction to the phages' enormous mutation rate (Pattanayak et al.,2020).



The potential for editing partially complementary off-target regions elsewhere in the genome in
addition to the planned on-target locus makes this feature less than desirable for genome
engineering. Multiple studies have demonstrated Cas9's off-target activity by showing that it can
guide-dependently tolerate a wide variety of nucleotide mismatches within the guide-target
heteroduplex (Guo et al.,2023). However, when multiple locations throughout the genome are cut
simultaneously, off-target, it can trigger DNA damage and response to stress pathways. Genomic
inversions, deletions, and chromosomal translocations are all possible outcomes of this (Redelings et
al.,2024).

4.2 CONTROLLING THE OUTCOMES OF EDITS

By inserting targeted nucleases into the genome, the frequency of HDR in the cells of
mammals is substantially enhanced (Rouet et al.,1994). Regardless, HDR is only applicable to cells
that are dividing, and it often yields heteroallelic editing results due to the simultaneous editing caused
by end joining pathways (Moynahan et al.,2010). Chromosome rearrangements, large deletions, or
even chromosome loss are some of the other unforeseen outcomes that make it difficult to edit
precisely at the desired genomic site. As a result, researchers have focused on methods to control the
outcomes of DNA repair, such as improving the efficiency of knockin (insertion) mutations and
accelerating HDR repair (Lacombe et al.,2024). Recent research has shown that HDR can be made
more efficient by retargeting NHEJ edit outputs using secondary guide RNAs. Despite recent
advances, utilizing homology templates to deliver knockin mutations-particularly lengthy insertions-
remains a challenging strategy (Hermantara et al.,2024).

4.3 DELIVERY

A key limitation of gene editing applications both in-vivo and ex-vivo is the difficulty in
achieving tailored gene editor dispersion. Getting CRISPR elements to specific cells quickly, safely,
and precisely is crucial for therapeutic genome editing to work. Another issue with CRISPR elements
and delivery vectors for in-vivo therapeutic purposes is their possible immunogenicity (Wagner et
al.,2019). In disease models, Cas9 immunity has been associated with reduced treatment efficacy.
The target cell type or organism dictates the delivery format of the Cas9/Casl12a enzymes and their
guide RNAs. Electroporation (nucleofection) and liposome-mediated transfection continue to be the
most popular delivery modalities for the majority of in vitro (i.e., ex vivo) uses in cultivated cells
because of their efficient operations (Berdeckaa et al.,2023). A variety of delivery vehicles are
available for Cas9 and guide RNA components, including plasmid DNA, RNA, and in vitro
reassembled ribonucleoprotein (RNP) complexes. The use of intermittent RNP-based delivery has
largely replaced long-term production of the Cas9 complex using a plasmid in gene editing for ex vivo
medicinal applications due to the substantial amount of off-target editing and randomized plasmid
integration that can occur with this method (Eftekhari et bal.,2023). Microinjection or electroporation
are the usual methods for delivering Cas9 RNPs or mRNA to modify germline genomes in numerous
model species. Viral vectors are frequently used to deliver CRISPR-Cas9 inside cells in vivo (Wang et
al.,2023).

Gene editing modules can be built into adenoviruses, lentiviruses, and adenoassociated
viruses (AAVSs) to substitute the viral genes within the vector. AAVs continue to be the go-to vectors
for in vivo delivery because of their wide range of high transduction, cell tropism, efficiency, and
minimal immunogenicity. On the other hand, AAVs are little viruses that can only carry a cargo of
about 4.7 kilobytes. Because of this, using ultracompact promoters for packing the genes expressing
SpCas9 (4.2 kb) and its sgRNA (100 nucleotides) within a single AAV vector is no easy feat (Wang et
al.,202). Finally, lipid-based nanoparticles (LNPs) or synthetic guide RNAs can be used to deliver
Cas9 mRNA into cells in vivo, rather than relying on viral methods. These approaches have the
benefit of lessen the likelihood of immune responses and are safer than vectors derived from viruses
(Chen et al.,2020). Many different kinds of cells and creatures have benefited from the use of lipid
nanoparticles for the transmission of Cas9 and other genome editors (Rosenblum et al.,2020). The
figure 3. below shows the limitations pertaining to CRISPR based editing of genome.

Figure 3: Limitations of CRISPR: legal, ethical, off target effects, instability, delivery
constraints.
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5. THE PRESENT TECHNOLOGIES AND ITS APPLICATIONS

Rapid advancements have been made in the field of CRISPR-based modification of genes
since its initial demonstration. The variety, precision, and reduction of unwanted editing
consequences of and Casl2a nucleases are all being improved by ongoing advancements
(Asmamaw et al.,2024). Nevertheless, worries over their safety continue, owing to off-target editing
behavior and the possibility of genotoxic effects from on-target DSBs, such as p53 activation
(Shumega et al.,2024). The use of naturally existing anti-CRISPR protein antagonists for tissue
limited editing is one of several methods that have been investigated for accurate spatiotemporal
regulation of CRISPR genome editors, with the goal of reducing the occurrence of unintentional edits
(Weigand et al.,2020). Additional "second-generation” CRISPR technologies, such as base editors
(BEs) along with prime editors (PEs), mediate genome editing independently of DBS formation and
HDR, in response to worries regarding the genotoxicity of DBS and the necessity to address the poor
efficiency of HDR (Averina et al.,2024). Even though these genome editing tools have helped a
lot, regarding canonical CRISPR genome editing's many limitations, they still have some work to do in
terms of specificity, transport, and activities. In this section, we will go over the history of
contemporary technologies, the limits many have helped to alleviate, and the limitations they currently
encounter.

5.1 BEYOND NUCLEASE CAS9

Following Cas9's initial development as a genome editing nuclease, researchers set out to
discover more naturally occurring Cas enzymes that may be used for genome engineering. An
alternate nuclease with a different PAM requirement, guide RNA design, and DNA cleavage
mechanism was discovered in 2015 with the discovery of Cas12a, marking a key expansion beyond
Cas9 (Strohkend! et al.,2018). Due in part towards their lower of DNA cleavage, Casl2a enzymes
have been found to display higher selectivity and reduced off target activity in vivo. Bioinformatic
investigations that followed identified several type V Cas effectors that needed different amounts of
PAM and guide RNA (Mendoza et al.,2018). "Minimal," small type V nucleases are of special interest
because they show potential for uses that call for enclosing gene editing components within size-
limited viral vectors (like AAV) (Karvelis et al.,2020). Cas13 and Casl12g are RNA-targeting RNA-
guided nucleases that have added a new tool to the molecular editing toolkit (Yang et al.,2024).
These nucleases may detect nucleic acids, edit or degrade mRNAs, or both. While these
advancements have opened up new possibilities, there are still some limits to each Cas nuclease.
These include, but are not limited to, limited PAM targeting, varied in vivo activities and off-target
profiles, and potential immunogenicity (Amiri et al.,2024). However, with the availability of several
enzymes, genome editing may now be approached more precisely, opening up a range of possibilities
for different applications. The majority of these enzymes are ideal for multiplexing because they are
orthogonal to their guide RNAs (Cown et al.,2024).

5.2 HIGH-FIDELITY VARIANTS OF CAS9



To tackle the problem of off-target activity, two supplementary methods were used to produce
tailored SpCas9 variants with enhanced specificity (Acharya et al.,2024). The first one uses structure-
based rational design to create mutations that improve fidelity (Chen et al.,2017). This approach is
based on the theory that when specific contacts between the Cas9 protein and bound DNA target are
eliminated, the Cas9-guide RNA complex becomes more sensitive to substrate DNA mismatches
(Baranova et al.,2024). As a result, the likelihood of off target binding and cleavage is reduced. The
mutations significantly reduce the DNA cleavage rate, which promotes off-target release, according to
biophysical and biochemical investigations of these variants. The second strategy involves selecting
mutations that decrease off-target editing using directed evolution methods (Vakulskas et al.,2018).
Additional Cas9 and Casl2a enzymes have also been the target of similar attempts to develop high-
fidelity versions. The current crop of high-fidelity variations includes enzymes with far higher
specificities than wild-type enzymes, although their efficiency varies depending on the DNA target and
the task at hand (Schmid et al.,2022).

5.3 MODIFICATIONS OF GUIDE RNA

An attractive substitute for using high-fidelity nuclease mutants is to enhance specificity by
altering the guide RNAs of genome editors (Fu et al.,2014). An early attempt at this sort of thing
centred on Cas9 truncated guide RNAs, where the guide segment is cut short at 22 nucleotides in the
middle (Reautschnig et al.,2024). These have been demonstrated to drastically lower SpCas9 off-
target activity at several locations, but they also display reduced efficiency or initiate editing at novel
off-target sites. Additional evidence that 5 prime end alterations of the guide segment, such as the
addition of unpaired nucleotides and secondary structures can reduce off-target recognition is
available (Alipanahi et al.,2024). Addition of 2-methyl or 2-fluoro nucleotides and phosphorothioate
links to the guide RNA is another effective way to improve guide stability and increase Cas9
specificity (Chatterjee et al.,2024). The effects of the changed nucleotides are position-dependent,
similar to DNA substitutions, although some of these alterations have demonstrated substantial gene
editing activity in vivo (Kliuchnikov et al.,2024).

5.4 PAM GENOME ALTERNATIVE

Various studies have attempted to introduce specificity-altering substitutions for amino acids in
the PAM-interacting domain or use structure-based rational engineering to broaden the PAM targeting
scope of SpCas9 (Kleinstiver et al.,2016). This is in an effort to circumvent the PAM-dependent target
location constraints of Cas nucleases. Additional designed variants targeting non-G PAMs have
further lowered the PAM selectivity of SpCas9. Engineered SpCas9 variations capable of NRN PAM
targeting, including practically "PAM-less" Cas9 designs, have recently allowed CRISPR-Cas9 to
reach an even broader spectrum of genomic locations (Sun et al.,2024). They have greatly increased
Cas9's targeting capability and made target site selection much simpler.

5.5 BASE EDITING

Editing in cells lacking homology repair (HDR) is now possible with the use of CRISPR-derived
base editors (BEs), a flexible method that may produce specific point mutations without creating
double-strand breaks (DSBs) and supplying homology repair templates (Hwang et al.,2024). BEs are
constructed by fusing a nucleotide deaminase enzyme with a Cas9 variant that is RuvC-inactivated, in
a modular fashion. It all started with two types of BEs. A cytosine BE (CBE) mediates the conversion
of C to T by incorporating catalytic domains from cytidine deaminases (APOBEC1, for example) and a
uracil glycosylase inhibitor (UGI) domain (Tong et al.,2024). On the other hand, adenine BEs (ABES)
convert A to G by utilizing an adenosine deaminase region from the tRNA-specific deaminase TadA,
which has been modified to function on ssDNA by directed evolution (Zhao et al.,2024). After the
Cas9 module binds, BEs convert a cytosine or adenine to uracil or inosine, respectively, inside a
"editing window" in the PAM-distal section of the relocated non-target DNA strand. During DNA
replication, these are read out as thymine and guanine, respectively, which causes mutations at
transition points. Several design revisions have been undertaken by the preliminary CBE and ABE
editors since their conception to enhance activity and decrease the number of off-target edits caused
by deaminase (Liu et al.,2024).

Additionally, Casl2a BEs have been produced. Additional C-to-G, A-to-C and A-to-
Y transversions are now part of the standard editing toolkit (Chen et al.,2024). For mutational screens
and genome-wide knockouts, BEs have been used since their editing results are often predictable.
Because of their pinpoint accuracy, BEs can be employed to treat disorders brought on by single-
point mutations. Even though BEs provide more control over editing results, they have a few



drawbacks. Some of these issues include low efficiency, editing by uninvolved parties, wide editing
windows, and significant off-target behaviour (Alharbi et al.,2024). New CBE variants have been
engineered through directed evolution of ABEs because, compared to CBEs, latest-generation ABE
variants show better editing efficiency and lower rates of Cas9-independent off-target editing (Fiumara
et al.,2022). In conclusion, while canonical nuclease-based Cas9 editing is more commonly
associated with undesirable genotoxic effects, ABEs and CBEs can also cause deletions, DSBs and
translocations at the on-target locus, but to a lesser extent.

5.6 PRIME EDITING

Prime editing is an HDR-independent method for producing targeted point mutations,
insertions, or deletions using a Cas9-based technique. The prime editor is made up of a fusion protein
construct that includes a Cas9 nickase with an inactivated HNH domain and an altered reverse
transcriptase (RT) domain, as well as a prime editing guide RNA (pegRNA) (Mikhaylova et al.,2024).
A 3 prime terminal sequence extension of the pegRNA carries the targeted mutation(s) and is
complementary to the NTS at the target genomic region. Following Cas9's nick generation in the NTS,
the complementary pegRNA extension is base paired with. Next, the three primary ends of the NTS
are extended utilizing the pegRNA as a template through RT-catalyzed synthesis, introducing the
mutation. After that, the DNA strands are reannealed to create a 5-flap intermediate. Then, the
intermediate is subjected to excision and ligation, which fixes the alteration in the genomic DNA. This
type of targeted strand synthesis enables the introduction of point mutations up to 30 bp at the Cas9
nicking site, as well as insertions or deletions up to 80 bp in length (Vu et al.,2024). Improving prime
editing efficiency was a goal of successive generations of PE designs, which began with the first-
generation design that fused a nickase Cas9 with a the wild-type strain RT derived from Moloney
murine leukemia virus (MMLV). These designs included engineered MMLV RT domains with
improved thermostability and introduced a second sgRNA to generate an insertion on the nonedited
strand, which helped to promote edit retention in the genomic DNA, preventing the DNA mismatch
repair pathway, enhancing nuclear localization and expression, and repairing DNA nicks have all
contributed to further advances (Ferreira et al.,2024). The figure 4a shows the prime editing variant of
CRISPR whereas figure 4b shows the prime editing.

Fig. 4a: Base editing- Cytidine base editing; 4b. Prime editing
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6. MODULATION AT TRANSCRIPTIONAL LEVEL: CRISPRIi, CRISPRa

In addition to genome editing, CRISPR technologies have made it possible to temporarily
alter gene expression. The first application of catalytically inactive Cas9 mutants was in bacterial gene
promoter targeting and sterically blocking RNA polymerases, which inhibited RNA transcription
(Allemailem et al.,2024). The KRAB transcriptional repressor region is one example of an epigenetic
modulator that can be linked to nuclease-inactive Cas9 and then directed to the promoter regions of
genes that are transcribed in order to decrease expression of genes in eukaryotic cells (Monteferrario
et al.,2024). The subsequent method, called CRISPR interference (CRISPRI), allows for effective



reductions of gene expression and serves as a substitute for RNA interference based on small
interfering RNA (siRNA) (Schlosshauer et al.,2024). Similarly, chromatin state modulation or direct
recruitment of transcriptional activation factors are two ways in which nuclease-dead Cas9 protein
fusions can be effectively utilized to trigger the expression of targeted genes (Chen et al.,2024).
Integrating dCas9 with transactivation domains like VP64 or its derivatives has allowed for CRISPR
activation, or CRISPRa. Another option is to form combinations with histone-modifying enzymes like
acetylases or demethylases (Huang et al.,2024). These enzymes can then modify epigenetic markers
at specific sites and produce active chromatin states, which in turn promote gene expression. The
CRISPR-directed transcriptional modulation method has a lot of off-target action since Cas9 DNA
binding is often more promiscuous than cleavage. The figure 5.a depicts the transcriptional activation
of a gene using CRISPRa whereas the figure 5.b shows the use of CRISPRI fot transcriptional
repression of a gene.

Fig. 5: CRISPRa for activation of a gene (a) whereas (b) shows repression of the gene.
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7. THE EMERGING FUTURE

The limitations of existing CRISPR technologies have been more apparent over the last
decade, prompting the development and refinement of new techniques and methodologies to
enhance the effectiveness and adaptability of CRISPR-based editing of genomes. These new, third-
generation tools and technologies encompass a wide range of possibilities, including DSB-based
editing using newly found classes of compacted RNA-guided nucleases and potential RNA-guided
DNA binding frameworks for additional genome editing modalities like BEs and Pes (Villiger et
al.,2024). A significant unfulfilled requirement in the realm of genome editing is the incorporation of
lengthy, gene-sized DNA sequences, especially in post-mitotic cells devoid of HDR. One possible and
encouraging way to close this technological gap is the creation of CRISPR-guided recombinases and
transposons (Hseih et al.,2024). Additionally, novel strategies for altering RNA transcripts and
genomes using retrotransposons-based technologies have surfaced (Chen et al.,2024). The
development of new delivery techniques is closely tied to the production of novel genome editor tools,
which poses a significant barrier for therapeutic applications. All things considered, these
advancements mirror the rapid pace of the fast-developing area of genome editing, where new
methods provide complementing strengths to tackle the many needs and obstacles of genetic
modifications.

7.1 MINIMAL RNA-GUIDED ACTIVITY OF NUCLEASES

A minimally sized enzyme with targeting capabilities and orthogonal guide RNA scaffolds
would greatly aid in the development of fusion proteins (like PEs and BEs) and their effective cellular
delivery through viral vectors, which is a major driving force behind the continuing quest for new RNA-
guided nucleases. An example of this is the recent advancements in engineering and development of
the ultracompact Cas12f nuclease, which have been designed to improve its in vivo editing activity by
structure-guided design and extensive mutational scanning (Tang et al.,2024). New molecular
genome editing tools have been added to the toolbox as a result of continuing research to find new
RNA-guided nucleases that occur naturally.



7.2 EDITORS AS DNA POLYMERASE

By fusing a Cas9 nickase variation with a designed error-prone DNA polymerase, an early
effort was made to continuously diversify nucleotides in a configurable window of as many as 300
nucleotides from a target site (Halperin et al.,2018). A recent work proved that a trans-provided
phage-derived DNA polymerase may make modifications at a Cas9-nicked spot with the help of a
linear DNA template that is attached (Chang et al.,2024). Bypassing autoinhibitory intramolecular
base pairing in the guide RNA, this method allows for longer insertions of more than 100 nucleotides,
in contrast to RT-based prime editing. Click editing is an innovative method that uses Cas9 in
conjunction with DNA-dependent DNA polymerases (DDPs) and HUH endonucleases to generate a
wide variety of genome edits, such as small insertions and deletions, all single-nucleotide
substitutions, and more (da Silva et al.,2023). Covalently attaching "click DNA" templates to a fusion
of HUH-nCas9 and DDP protein is achieved through the technique, which takes use of the biological
conjugation action of HUH endonucleases. This method prevents accidental inserts while
simultaneously allowing for accurate genome editing with few indels.

7.3 CRISPR-GUIDED TRANSPOSONS AND RECOMBINASES

Independent of DSB production and repair, transposons can catalyze the insertion of long
DNA strands on their own. A number of investigations have sought to achieve RNA-
guided transposition in cells by fusing nuclease inactive Cas9 to other transposases, such as
piggyBac, mariner, and Sleeping Beauty (Ochmann et al.,2024). These methods improve
transposition rates close to the target location, but they are not yet practical for targeted gene
insertion due to their poor efficiency and large off-target transposition rates. Natural Tn7-like
transposable elements called CRISPR-associated transposon (CAST) systems facilitate RNA-guided
DNA transposition by utilizing either type | or V CRISPR-Cas systems in targeting modules, as
opposed to synthetic Cas9-transposase fusions (Hsieh et al.,2024). These technologies can implant
themselves into bacteria precisely where they are needed. To reach the levels of effectiveness
needed for comprehensive genome editing and clinical gene delivery, additional comprehensive
functional characterization of naturally existing CASTs, mechanistic research, and engineering efforts
are required (Durrant et al.,2023).

7.4 EDITING BASED ON RETROELEMENT

Retroelements, in particular non-long terminal repeat (non-LTR) retrotransposons (Lee et
al.,2024), are a new kind of retroelement that differ from CASTs and offer a way to programmatically
insert long DNA sequences that may be more efficient and specific than CASTs (Tang et al.,2023). In
the same way as PEs facilitate DNA insertion, retroelements do the same by nicking the target DNA
and priming the retrotransposon RNA for reverse transcription with the exposed three prime ends of
the nick. This process is called target-primed reverse transcription (TPRT).

7.5 RNA EDITING

Due to the short half-life of messenger RNAs (mRNAS) inside the cell, adding targeted
changes straight into the mRNA provides a different approach to editing DNA that may be safer,
similar to epigenome editing (Dolken et al.,2008). More nuanced and flexible control over the edited
results is now possible with RNA editing techniques. The Cas7-11 system is an innovative single-
protein CRISPR-Cas effector which utilizes guide RNAs to cleave target RNAs (Hong et al.,2024). Its
discovery led to one such improvement recently. When compared to Casl3a-mediated knockdown
techniques, the re-engineered system appears to have no additional cleavage activity and limited off-
target activity when knocking down transcripts in mammalian cells (Borrajo et al.,2023). Furthermore,
a new method for trans splicing long RNA transcripts using CRISPR has just been published. This
approach allows for the replacement or insertion of substantial portions in mammalian mRNA
transcripts by combining RNA-targeting Cas13 enzymes with a trans-splicing RNA.

7.6 NOVEL METHODS FOR DELIVERY

To improve the efficiency of delivery and reduce the possibility of immunogenicity in CRISPR-
based genome editors, several techniques are presently being developed. Firstly, there have been
advancements in LNP formulations that allow for tissue-specific targeting (Gao et al.,2024). This



opens up new possibilities for the packaging and delivery of CRISPR components, since they have
been shown to have improved cellular absorption and decreased off-target editing. The use of cell-
penetrating peptides to deliver CRISPR enzymes has also demonstrated promising results, especially
in the editing of human primary neuronal cells, lymphocytes, and airway epithelium (de Morais et
al.,2024). It is now possible to efficiently deliver temporary and cell-specific protein cargo, such as
genome editing nucleases, by re-engineering the contractile injection mechanisms of bacteria (Kreitz
et al.,2024). A potent substitute for viral transmission vectors for in vivo applications has arisen
engineered virus-like particles. These particles resemble viruses but do not contain any viral genetic
material (Sharma et al.,2024). One further exciting development in the field of viral particle
engineering is the possibility of delivering therapeutics with a diminished immunogenic response.
These particles are derived from long-extinct viruses that are encoded in the genomes of eukaryotic
organisms (Segel et al.,2021). Lastly, new computational protein design methods are enabling the
development of purpose-built protein cages, which may offer modular solutions for transporting gene
editing complexes to inaccessible biological settings (Wang et al.,2023). The immunogenicity
profiles, cytotoxicity and off-target of these technologies must be thoroughly evaluated across
different cell types and tissues, notwithstanding the immense promise that these breakthroughs hold.

7.7 THE BLACK BOX- ARTIFICIAL INTELLIGENCE

There have been far-reaching consequences for genome editing from the present and rapid
adoption of deep learning computing algorithms and artificial intelligence (Al) in the biological
sciences. There is vital need for reducing unintended genetic alterations. Further customization of
gene editing technologies for biological purposes may be possible in the future with the help of Al
methods. New computational protein design methods are also being used to develop nucleases that
are more selective, efficient, and powered by Al. On the other hand, there are certain difficulties
associated with Al approaches. The training data used to train predictive models can be scarce and of
varying quality, depending on the method used to conduct the experiments. It is also difficult to
understand and trust predictions made by Al models due to their "black-box" nature, which makes it
impossible to know how these algorithms make decisions (Hassija et al.,2024).

8. LOOK INTO THE OUTLOOK

Genome editing has gone from being an emerging scientific discipline to a powerful biotech

industry in the last decade. Base editing and prime editing are examples of second-generation
CRISPR technologies that build upon first-generation methods. These methods allow for direct target
DNA modification without DSB generation, which is seen as safer and more reliable than first-
generation methods, which relied on intrinsic repair or site-specific double-strand breaks. Achieving
accurate insertion of big (gene-sized) payloads and regulating genes without genome editing via
epigenome engineering are two significant unfulfilled requirements in the field that are being
addressed by emerging (third generation) CRISPR technologies. Two methods are facilitating the
continuous improvement of these as well as other technologies: first, synthetic biology and molecular
engineering assisted by artificial intelligence; and second, metagenome mining for the discovery of
new molecular systems.
Thus, the most striking feature of modern genome editing is the ever-growing toolbox of innovative
technologies and approaches, most of which are based upon RNA-guided molecular techniques
inherited from CRISPR-Cas systems, which have completely transformed our capacity to manipulate
genetic material with ease and precision.

9. CONCLUSION

Genome editing discussions will always center on the ethical and societal ramifications,
especially when it comes to human germline genome changes. As the technology to edit cells
becomes widely available, the ethical concerns surrounding the editing which could alter the genome
in a way that is passed down from generation to generation beg to be addressed. It is crucial that we
get an international agreement on how to regulate and responsibly handle genome editing
technologies as soon as possible, given their fast advancement, ongoing improvement, and extensive
use. CRISPR genome editing has a promising future, despite certain obstacles. This has the ability to
improve agriculture, solve ecological problems, and drive medical discoveries, all of which could lead
to a more prosperous and sustainable future for future generations. The figure below
diagrammatically emphasises on the wide application of genome editing tools.
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