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Abstract

The explosion of research that has come from the bacterial or synthetic nucleases has meant that nearly all eukaryotic organisms can have
specific genomic regions targeted and modified provided that the accurate cell animal models of pathological events can be created. Moreover,
in recent years only the genome editing has revealed great potential in many different areas starting from the basic research and finishing
with the applied biotechnology together with the biomedical research. Newer commercially available nucleases like the zinc finger nuclease
(ZFNs), transcription activator like effector nuclease (TALEN) and CRISPR - Cas associated nuclease has ensured a transition from idea to
implementation. New modifications of three basic genome editing methods [TALENs, CRISPR/Cas9, ZFNs] and the use of derived products
as actual tools for gene editing in a broad range of human pathologies and potential future treatments are examined, with special emphasis
on the influence of the eukaryotic system and relevant animal models. Last, we briefly discuss clinical applications of the genome editing
platforms for disease regimens and potential issues with the application of this technology.
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Introduction

New technologies in genome editing have improved how human genome study so that researchers are now in a position to determine
how a particular product of a gene affects an organism’s affliction. The advance of genetic engineering in the 1970s when it became possible to
change DNA or RNA created a new field of genome editing (Rothstein, 1983). The awareness and application of B or S nucleases that have
rapidly developed in the last decade have emerged into several aspects of basic and complex biomedical research and applied biotechnology
(Cornu et al., 2017). Through the provision of genome editing infrastructure, it could be carried out both in vitro and in vivo since the
infrastructure is delivered in situ. This process in effect means that it generates, reduces and ‘edits’ genes (Gaj et al., 2013; Ghosh et al., 2019).
Pointed DNA modifications begin with nuclease induced double strand breaks (DSBs) and this initiated highly efficient cellular DNA
recombination in mammals (Rouet et al., 1994; Kosicki et al., 2018). DNA generated by nucleases Double-strand breaks (DSBs) are repaired by
nearly all cell types and species utilizing one of two main mechanisms: either nonhomologous end-joining (NHE]) or homology-directed repair
(HDR), which results in targeted integration or gene disruption (O'Driscoll & Jeggo, 2006).

Since fully matched DNA segments act as homologous templates, HR has mainly been employed to mediate gene targeting, such as gene
knock-in or gene knock-out. Thus, its value is rather limited because HR does not function efficiently in non-model species and mammalian
cells. An additional strategy to improve HDR-mediated genome editing's performance was to apply targeted nucleases because it was previously
shown that DSB could increase the HDR frequency by orders of magnitude. The HDR though may use a template of foreign DNA that mimics
the termination region sequence for damage repair once a specific DSB has been generated (Kaniecki et al., 2018).

This technique may be also used for targeted alterations initiated site specifically to fix mutations or to embed new sequences; in this case,
the correctly constructed repair template is delivered directly to targeted cells (Kim & Kim, 2014; Verma & Greenberg, 2016). However, while
NHEJ-mediated repair beget gene insertions or deletions (indels) of incalculable extent at the DSB site in NHE] endogenous genes, which finally
contribute to gene inactivation, it generally causes errors (Chang et al., 2017). Indications in coding sequence cause frameshift alterations that
results in mRNA to degrade & nonsense mediated decay to form nonfunctional truncated protein (Lieber et al., 2010). This procedure is expected
computationally to be easier than HR-based approaches as (a) no requirement for the repair matrix (b) type of cell seems to have minimal
influence on the efficacy of change. Therefore, like RNAi, NHEJ may be used to apply gene-knock down in immortalized cell lines, but it might
bring about ‘knock out’ mutations that are permanent and un reversing (Delacdte & Lopez, 2008).
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To produce the required DSBs at the different DNA target sites, developments in early genome editing have involved the creation of
individualized zinc-finger nuclease (ZFN) and mega nucleases (Urnov et al., 2010). Since the desired proteins had to be generated as synthetic
molecules with specifically encoded sequence recognition domains coupled with nonspecific nucleases to facilitate targeted DNA scission, these
nuclease systems that we had developed entailed special skills to create targeted DNA cutting opportunities hitherto unimaginable with genetic
manipulation tools (Cathomen & Joung, 2008; Silva et al., 2011).

The recently identified and highly effective gene editing technology called (CRISPR)-associated (Cas9) nuclease originates from bacterial
immune response. Because this technique is capable to be well coded to alter the DNA sequence of integrated eukaryotic cells using an RNA
guided DNA cutting module, this method outcompeted the ZFNs and TALENS to bring about preferred genetic changes. Since its first application
in mammalian cells in 2013 for gene editing applications, the CRISPR/Casg system has quickly been adapted for gene expression regulation.
This encompasses treatments as transcriptional or epigenetic changes, DNA repair or modification of any other aspect of the genome (Al-Attar
et al,, 2011; Cong et al., 2013).

Programmable nucleases have made the development of gene editing tools faster from discovery through clinical application and offered
researchers precise control over most if not all genes across a broad spectrum of organisms and cell lines. Today’s ongoing preclinical genomic
editing is majorly related to developing T cell-based anticancer immunotherapy, hemophilia, muscular diseases, primary immune system
defects, metabolic conditions, CVDs, viruses, and muscular diseases. Beyond preclinical research, some of these methods are presently
undertaking phase I/1I clinical trials. TALENs, CRISPR/Cas9, and ZFN are the three main genome editing technologies. Here, we look at their
most recent developments and discuss how their corresponding reagents may be employed as tools for modifying genes for a variety of human
illnesses and in exciting new treatments.

2. Structure and Mechanism of Genome Editing Tools

DNA interaction and ZFN structure are composed by fusing nonspecific cleavage domain to DNA target-recruiting domain, bound to zinc
finger (Kim et al., 1996). Primarily discovered in 1985, the zinc-finger protein is a part of transcription factor IITa in Xenopus oocytes; the factor
is capable of binding to DNA at a definite locus (Diakun et al., 1986). A collection of Cys2His2 zinc fingers, which result from exceptionally
stable interactions in their zinc-finger regions with corresponding DNA sequences, are employed to realize the essential specificity of the
required zinc finger. About thirty amino acids and two anti-parallel -sheets facing an o-helix make up the structural motif of the Cys2His2
zinc finger (Beerli & Barbas III, 2002).

The adaptive DNA recognition domain, Cys2-His2-ZF, is now believed to be the most common Genome-binding pattern in eukaryotic
transcription factors, despite considerable uncertainty around the specificity of its DNA recognition mode. Each zinc-finger unit's selectivity
may identify three base pairs in the DNA and establish base-specific connections by making direct contact with the main groove of the DNA
through the finger's a-helical residues (Buck-Koehntop et al., 2012). In eukaryotic cells, the targeted DNA cleavage by ZFN generates DSBs on
a specific site of the genome, which the body alters subsequent endogenous NHEJ / HDR repair pathways as required (Smith et al., 2000).

Three main factors impact ZFNs' sequence-based target identification and specificity:

(a) each finger of amino acid sequence

(b) How many fingers

(c) the interaction of the nuclease realm; Because ZFNs are modular, scientists can alter the catalytic and DNA-binding domains independently,
even though each ZFN is made up of both. With this knowledge, scientists can create new modules that are both specific and attractive enough
to manipulate a genome.
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2.1. TALENS (a protein-based DNA targeting system)

TALENS are engineered nucleases, which performs in terms of functionality and specificity compared with ZFNs. Like ZFNs, TALENS use
general DNA cleavage domain and domain specific for a certain DNA sequence in order to form DSBs. The repetitive sequence
from transcription activator-like effector (TALE), a protein first discovered in phytopathogenic Xanthomonas bacteria that alters gene
transcription in host plant cells on its own, forms this DNA-binding domain (Paschon et al., 2019). The C-terminal core domain of TALE, which
is a member of the 33-35 aa sequence motif, interacts with DNA. The two hypervariable amino acids, or repeat variable di-residues (RVDs), at
positions 12 and 13 make up the very similar but distinct amino acid sequence inside each repetition. Only C nucleotides are bound by ND, only
A/G nucleotides by HN, only G nucleotides by NH, and all nucleotides by NP. RVDs mediate the specificity and severalty of DNA binding (Moscou
& Bogdanove, 2009; Bogdanove & Voytas, 2011).

2.2 CRISPR/Casg (a versatile tool for genome editing)

First reported in E. coli in early 1987, CRISPRs have been identified in many more bacteria. The function of short repeat sequences
stayed obscure for many years Until 2005, works showed that the sequences resembled phage DNA. Subsequent investigations showed that
these sequences also protect bacteria and archaea from extraneous DNA by using RNA-guided DNA cleavage to provide an adaptive immune
response. The CRISPR-Cas systems are often described according to the structural diversity of the Cas genes, as well as their arrangement
(Liu et al., 2017).

It is now known that there are six classes for CRISPR-Cas, and at least 29 subtypes for each class, and the number is expanding rapidly.
For instance, class 2 CRISPR-Cas systems contain only a single effector protein, while class 1 systems possess multiple-subunit effector com
part. CRISPR-Cas systems were limited to class 2 systems that contained a single effector protein. Among them the most frequent subtype is
type II CRISPR/Casg system that looks rather perspective as the gene editing because the method uses only one Cas protein (SpCas9) that
targets certain DNA sequences. The means by which this system functions is constituted of a casg nuclease along with single-stranded guide
RNA, ultimately abbreviated as the sgRNA (Hillary & Ceasar, 2023).

Three popular methods for CRISPR/Casg platform to modify genomes have been developed (Janik et al., 2020):

(1) The plasmid-based CRISPR / Cas9 method simultaneously combines Cas9 genes and sgRNA for extraction in inactive vitro, without multiple
transfections and with increased Casg and sgRNA half-life.

(2) disadvantage of direct delivery of Casg mRNA & sgRNA into cells55 is the instable nature of mRNA used for Casg mRNA-based techniques
leading to transient mRNA expression and temporary gene change.

(3) The Cas9 protein and sgRNA56 are directly introduced within the cell, which offers such advantages as immediate action, increased
resistance to degradation and low immunogenicity.

Genetic information is permanently and irrevocably altered via DNA editing, which therefore raises inevitable ethical and security
concerns. Additionally, gene therapy for nervous system illnesses is limited for some cell types since it is difficult to modify some cells, such
neurons, utilizing CRISPR/Cas9-mediated editing. Thus, researchers have also proposed genome editing methods that just modify and change
RNA (Asmamaw & Zawdie, 2021; Hillary & Ceasar, 2023). After the DNA encodes the essential information into a molecule known as RNA,
then RNA basically controls the synthesis of protein. CRISPR technology can treat many diseases by repairing protein function in almost all
cells and stop transformation by briefly changing RNA mutations (Asmamaw & Zawdie, 2021). The second approach is to of facing change in
genetic variations is through the use of stem cell transplantation with CRISPR/Casg technology (Liu et al., 2020; Zhu et al., 2024).

3. Genome Editing for Gene Therapy and Disease Modeling

More realistically, the functions of genes and proper cellular behavior and function can be manipulated by modifying the targeted genes
with chimeric tools as ZFNs, TALENSs, and CRISPR/Cas9. Through animal model genetic changes, these genome editing techniques have made
it easy to examine origin or causes of many diseases and come across molecular avenues that can be used to improve potent treatment
approaches (Maeder & Gersbach, 2016).

3.1. Cancer Research

High potential is offered by oncogenes and mutated tumor suppressor genes for application of gene modifying methods. With its early
successful genome editing demonstrations in eukaryotic cells to the recent applications in developing the tumor targeted T lymphocytes and
hematopoietic stem cells (HSCs), several targeted cleavage events have been reported in diverse important research. It has also invested in a
promising area of cancer research and come up with original concepts for gene editing (Shankar et al., 2018).

While a three-finger protein has been designed to selectively inhibit the synthesis of human oncogene that has been transduced into mouse
cell line, the ZFN-mediated targeting - a prototype platform for the programmed DNA scission and its applications — was unmasked in 1994
and used to modify genes in human and model organisms cells (Avesson & Barry, 2014). Through the provided DSB error repair, it is possible
to access the telomeric area of the combined lineage leukemia (MLL) gene break points cluster region and examine chromosomal
rearrangements linked to MLL leukemogenesis, a specially tailored ZFN was next used on a human lymphoblast line of cells from CML patients.
Although different to the initial targeted regulation, successful regulation was also achieved at this locus employing ZFNs specifically designed
to disrupt the - and a-chain genes of the endogenous T cell receptor (TCR). Both CD3-TCR surface expression and cell viability of the ZFN-
treated cells were significantly reduced to 0% whereas, the cell population showed an increase in the expression of interleukin. ZFN, a new
therapy aimed at LTR promoter region of HTLV-1 (Tanaka et al., 2013; Aghamiri et al., 2020).

3.2. Cardiovascular Disease
CVD accounts for the highest mortality and increased risks are reported in many developed nations. Many forms of CVD are often linked
to one gene alteration or to a set of several rare familial dominant mutations (Li et al., 2015). In fact, therapeutic cures are concerned more
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with the prevention of the manifestation of sickness than with possible hereditary issues. This paper introduced and established the in vivo
CVD model based on gene editing technology, as well as the survey of damaging genes and the molecular processes, enabling the evaluation of
the therapeutic effect of gene therapy in controlling the expression of certain genes and enhancing gene functions. There are many research
models of cardiovascular disease including the use of genome editing techniques (German et al., 2019).

Furthermore, CRISPR/Casg effectively knocked out MHCII in normal human endothelial cells by simultaneous knockout. To form vessels
these cells do not need the stimulation of allogeneic CD4+ T lymphocytes. The effectiveness of this technique when it used in STEM- cell
bioengineering of allografts: improving heart transplants has been helpful (Musunuru, 2017; Wu et al., 2024).

There has also been much interest in possible therapeutic strategies to reverse disease-causing mutations or to inactivate specific genes
that, because of the advance of genome editing technology (Li et al., 2023). For instance, Long QT syndrome (LQTS) is a congenital disease of
the heart electrical conduction system and this disease is dominant. It can be seen that LQTS can arise from hybrid mutations in several genes
Some of these genes have obviously identifiable mutations in distinct sites with known biological function. For example, mutations in the alpha
protein’s hERG gene that codes for potassium voltage-gated channels and creates holes. A mutation in the hERG gene is likely to result in a life-
threatening ventricular arrhythmia because its production and activation occurs mainly in smooth muscles and the myocardial tissues. Of
course, the potential of such LQTS is that, one day, humans would fix mutations in hERG genes in cardiomyocytes using CRISPR technology
(Zhou et al., 2021).

3.3. Metabolic Diseases

Metabolic illness is the term used to depict the pathological status of protein lipid and carbohydrate in the body hence metabolically
disturbed. The term metabolic diseases may refer to a range of condition, which may be attributed to the individual’s inherited background, as
well as the external environment. Gene editing technologies might be used for genetics treatment, functional gene assay as well as for genetic
model construction of metabolic diseases such as diabetes, obesity and hypertension. By interacting with delivery system receptor called LepR,
the hormone leptin (Lep) was produced by the white fat tissue influencing the hypothalamus metabolic regulation center. Some uses of this
natural herb include the following; it can control blood sugar levels and control or influence neuroendocrine functions. Besides, it has
advantages of reducing caloric intake and stopping the formation of fat and decreasing appetite (Coppari & Bjgrbaek, 2012).

On the basis of the present study, animal model of diabetes is valuable as an experimental tool for drug screening assays, preclinical
investigation and pathophysiological observation (Hu et al., 2020). For Ins1 (insulin gene) recombinase Cre insertion was targeted at the stop
codon and promoter (Naylor et al., 2016). Morphologically, PCR analysis indicated that the progeny F1 mice had cre-loxP recombination, and
other organs although they stained negatively for the gene, all the islets with insulin positive cells were positive for this gene. However, these
mice were similarly insensitive to glucose ingestion to that exhibited by wild type mice. Taking advantage of the experimental approaches then,
one can use CRISPR/Cas9 system to knock down some of the genes that are implicated in diabetes in human iPSCs (Vethe et al., 2017).

3.4. Neurodegenerative Diseases

The foregoing neurodegenerative diseases progressively strip afflicted individual of the ability to reason, move, and exist autonomously.
These illnesses result from Neuronal degeneration and death and Neurons are the cells in the body that keep our bodies and minds functioning.
Every ailment has unique causes of its own: Huntington’s is due to a toxic protein from a mutated HTT gene; Parkinson’s leads to the death of
dopamine producing cells caused by aggregation of the o-synuclein protein; Alzheimer’s has amyloid-3 plaques and toxic tau tangles in the
brain; and ALS comes from mutation in genes such as SOD1 or Cgorfy2 which leads to the degeneration of motor neuron (Fan et al., 2018;
Raikwar et al., 2019).

Base editing reduces the likelihood of off-target issues by editing single letter changes in DNA while not wholly deleting a strand of DNA.
In addition, there are other forms of RNA therapy, this include RNA interference (RNAi), and antisense oligonucleotides (ASOs) which help to
lessen the production of toxic proteins (Nojadeh et al., 2023).

3.5. Viral Diseases

Organic diseases such as the colds, HIV/AIDS, hepatitis B among many others have remained a formidable force in the competitive and
ever shrinking world. While traditional therapies often only cure those manifestations of the disease, genome editing technologies, and
especially systems based on the CRISPR-Cas, open new horizons for targeted and effective treatment (Kim & Lee, 2022).

To prevent the virus from replicating, the genetic makeup has been modified and through use of CRISPR-Casg the DNA of the HIV virus
was extracted from AIDS affected cells. The second approach relies on the protection of the immune cells from HIV by changing certain gene
signaling known as CCR5. Hepatitis B may yet have a treatment since genome editing may pinpoint and reduce the virus's DNA within liver
cells. By making the use of CRISPR-Casg, the researchers have succeeded in knocking out the HSV DNA that has been known to cause recurring
outbreaks in nerve cells. CRISPR-Cas13 attacks the RNA of RNA chain viruses, which include SARS-CoV-2, to reduce their ability to replicate
(De Silva Feelixge et al., 2018; Kim & Lee, 2022).

However, issues such as effective delivery and hence minimizing off-target effects have remained as existing problems even as these other
developments continue apace. For the treatment of viral diseases, genome editing may simply remain a theory but as it is advanced genome
editing may be one of the most important tools to unlock permanent and powerful cures.

3.6. Hereditary Eye Diseases

Due to progress in the gene-sequencing technology, conditions such as congenital corneal dystrophy, Leber congenital amaurosis (LCA),
congenital glaucoma, congenital cataract, retinitis pigmentosa (RP), Usher syndrome, retinoblastoma (RB), and many other hereditary eye
ailments can now be diagnosed genetically more comfortably (Hung et al., 2016).
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Animal models of RP have previously been produced using CRISPR/Cas9. Named after the receptor enhancer protein that aids in the
development of the endoplasmic reticulum, REEP6 is a newest member of the human REEP/Yop1 protein family. The potential for using AAV
and iPSCs to treat associated eye illnesses is increased when CRISPR/Cas9 technology is combined with other methods. It has been
demonstrated that CRISPR/Cas9 may fix pathogenic mutations in the retinal pigmentosa GTPase regulator (RPGF) that cause X-linked RP in
patient-specific iPSCs. This implies that a tethered iPSC transplantation strategy for different retinal degenerations may involve combining
CRISPR with self-directed iPSCs (Benati et al., 2020). According to patient-specific imaging and physiological characterization of three RP
individuals carrying frameshift variations in RPGR gene, photoreceptors from RP patients exhibit aberrant shape, location, and electrical
activity in iPSC-derived retinal organoids. As a result, CRISPR/Casg is the fixed mutation of RPGR that can reverse ciliopathy and stop
Pphotoreceptor loss as a mutant repair method (Gallego et al., 2020).

3.7. Other Hereditary Diseases

The most prevalent kind of muscular dystrophy linked to a malfunction in the DMD gene is Duchenne muscular dystrophy. It has been
discovered that not all aspects of human disease can be modeled in mice with X-linked muscular dystrophy (mdx). Their diminutive stature,
low levels of long-term muscular deterioration and weakening thus hinders research and study of illness. As a result, larger species such as rat
rabbit, or pigs are more useful in preclinical researches (Olson, 2021).

More of monkey dystrophin gene was disrupted through CRISPR/Cas9 where it introduced mutations that are characteristic of DVID.
Further, the relative targeted rate detection indicates that mosaic mutations resulting from CRISPR/Cas9 may be present in 87 % of the
potential dystrophin genotypes in monkey muscle (Ousterout et al., 2015). Notably, three research groups recently reported finding they had
erased variations in dystrophin gene that encodes for DMD gene and affects the production of proteins. The researchers employed CRISPR/Cas9
Gene editing to delete altered DMD region from the mdx animal model to generate shorter isoform of dystrophin protein in muscle fibers and
to optimize the muscular activity to a certain degree. This gave a possible means of helping to rectify disease causing mutations in peoples
muscular tissue (Mani, 2021; Kan & Doudna, 2022).

Patients suffering from primary immunodeficiencies, direct consequences — immunologic defect, or absence of any component of the
immune system, can undergo allogeneic HSC transplantation. This might be a dangerous surgery if individuals seeking leukocyte antigen-
matched donors are incompatible for tissue matching. Gene therapy is another tempting way of dealing with a patient’s own HSCs. Auxiliary
HSCs can be applied in situ for regeneration of the deficient cells and for creating animal or cell models that will manifest the adverse impact
of mutations inherent in immunocompromised individuals. One of the worst known immunodeficiencies - SCID - results from a gene mutation
that opens for IL2RG. This leads to T cell line development arrest and augmented primary or secondary damage to the main B cells (Ameratunga
et al,, 2024).

4. Conclusions and Future Perspectives

The CRISPR/Casg system has shown a remarkable ability to directly interfere with target gene loci or to generate versatile platforms, as
well as the astonishing capacity, if the evidence gathered so far is considered, to address diseases influencing human existence through
employing genome editing systems for therapeutic intervention. With the present understanding of the genetic and epigenetic characteristics
of cancer cell lines, future studies can use pooled CRISPR screening to uncover different synthetic lethal links in the genome and discover new
targets for therapeutic intervention. Moreover, noncoding sections of the cancer genome can be reduced by the use of the CRISPR/Cas9 method
in cancer research; this advances functional analysis of uncharacterized genotypes. In particular, cell visualization; epigenetic modification;
gene expression regulation; medicinal drug development; operational genome screening; gene diagnostics benefited from gene editing
techniques. More complexed new genome editing machineries and much more targeted nano structured transports have enhanced transport
capacity and reduced toxicity, bringing the genome editing technology at the clinical interfaces though in its collective use; the off-target effects
are yet to be minimized.
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