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ABSTRACT

The days since humanity has had mortality bought by old age and disease, discussion of extending life
with inventions in biology and health sciences, have always had a major place in scientific and medical
fields. Although a novel idea, in the past few decades, there has been an upsurge of Stem Cell therapies
and Gene Editing talks in the developmental stages, and many have already been employed with success.
Stem cells have shown promising aspects in cell regeneration and tissue repair, however, the generation
of complete and complex internal organs and organ systems, outside the body is still in the works. Gene
editing is another highly effective scientific resource which has shown the possibilities of modifying and
altering the gene at the molecular level. The CRISPR- Cas systems, along with many others, are of
significance due to their ability of targeted gene modification in the Genomic DNA of a variety of
organisms, amongst which, it has proved especially useful in the disease therapy and treatment. Gene
Editing and Stem Cell Technologies together have provided us with a much stronger chance of disease
treatment and gene targeting, than we have ever had before, therefore creating new possibilities for
studying genetic diseases and developing potential cell-based therapies. This review highlights recent
advances in stem cell and gene-editing technologies, emphasizing their integration, therapeutic potential,
current challenges, and future prospects in personalized and regenerative medicine.
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1. Introduction

Stem cells are undifferentiated cells characterized by their capacity for self-renewal and differentiation
into specialized cell types [1]. They are present in both embryonic and adult tissues and are classified
according to their developmental potency, which refers to their ability to generate different cell lineages.
Unipotent stem cells can produce only a single cell type while retaining self-renewal capability. In
contrast, totipotent stem cells possess the highest developmental potential, giving rise to all embryonic
and extraembryonic tissues. The zygote, formed following fertilization, is a classic example of a totipotent
cell capable of generating all three germ layers as well as the placenta [2]. Between these extremes lie
other stem cell categories, including pluripotent stem cells (PSCs), which are particularly valuable for
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regenerative medicine and gene-editing applications. PSCs can differentiate into cell types derived from
all three germ layers but cannot form extraembryonic tissues. Embryonic stem cells (ESCs), derived from
the inner cell mass of preimplantation embryos, represent a natural source of pluripotent cells. Similarly,
induced pluripotent stem cells (iPSCs), generated through the reprogramming of somatic cells, exhibit
pluripotency and functional characteristics comparable to ESCs (Figure 1) [2].
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Fig.1. Stem Cell and its types

Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell mass (ICM) of the
blastocyst, an early embryonic stage formed during normal development following fertilization. Cells
isolated from the ICM can be cultured in vitro and possess the ability to differentiate into cell types of all
three germ layers, making them valuable for regenerative medicine and gene-editing applications. Despite
their therapeutic potential, the use of ESCs remains associated with ethical concerns related to embryo-
derived cell isolation. In contrast, adult or somatic stem cells reside within developed tissues and are
generally multipotent, with the capacity to generate a limited range of lineage-specific cell types. Their
primary physiological function is the maintenance, repair, and regeneration of damaged tissues [2].
Notable examples include hematopoietic stem cells (HSCs), which give rise to all blood cell lineages, and
mesenchymal stem cells (MSCs), which differentiate into osteogenic, chondrogenic, and adipogenic cell
types. Stem cell editing involves the precise modification of genetic material within stem cells through
advanced genome-engineering technologies. By combining stem cell biology with gene-editing
approaches, researchers can investigate disease mechanisms, model genetic disorders, screen therapeutic
compounds, and develop personalized regenerative therapies. The advent of genome-editing tools,
particularly CRISPR-Cas systems, has further enhanced the potential of stem cells in disease correction
and translational medicine.

Gene therapy was initially conceived as the introduction of functional genes into cells to compensate for
defective or missing genetic material. The emergence of genome-editing technologies has transformed
this concept by enabling precise modification of genomic DNA to achieve therapeutic outcomes. These
technologies facilitate the correction of disease-causing mutations, targeted insertion of therapeutic genes,
and removal or inactivation of harmful genetic sequences, thereby offering unprecedented opportunities
for the treatment of inherited and acquired disorders [3]. Advances in molecular genetics have
significantly improved our understanding of the genetic basis of human diseases, leading to the
development of strategies aimed at directly addressing their underlying causes. Early gene therapy
approaches relied primarily on the delivery of exogenous DNA to replace defective genes; however,
decades of research have revealed substantial challenges associated with the safe, efficient, and controlled
introduction of genetic material into target cells. Major limitations included variable gene expression,
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insertional mutagenesis, and low targeting specificity. Despite these obstacles, remarkable progress has
been achieved in the development of gene-delivery systems and genome-engineering platforms, resulting
in improved precision, efficiency, and safety. Technologies such as CRISPR-Cas, TALENSs, and zinc-
finger nucleases have enabled targeted manipulation of specific genomic loci, expanding the therapeutic
potential of gene-based interventions. Nevertheless, challenges related to off-target effects, delivery
efficiency, long-term safety, and ethical considerations remain. This review focuses on stem cell editing,
highlighting its underlying principles, major methodologies, therapeutic applications, and the ethical and
societal implications associated with its clinical translation and future development.

2. Gene Editing In Stem Cells

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a powerful genome-editing
technology that enables precise and targeted modification of DNA sequences. Originally identified as part
of the adaptive immune system of bacteria and archaea, CRISPR functions through CRISPR-associated
(Cas) proteins that recognize and cleave invading nucleic acids, providing defense against viral infections.
Its simplicity, specificity, and versatility have made CRISPR a transformative tool in biomedical research
and therapeutic development. Numerous inherited disorders, including cystic fibrosis, Huntington's
disease, Duchenne muscular dystrophy, and sickle cell disease, arise from mutations in single genes.
Advances in genomic research have highlighted the potential of correcting such genetic defects through
targeted genome modification. CRISPR facilitates gene disruption, correction, or insertion at specific
genomic loci, offering promising strategies for the treatment of genetic diseases. Beyond genome editing,
CRISPR-based technologies are widely applied in transcriptional regulation, epigenome engineering,
functional genomics, chromosome imaging, and high-throughput genetic screening, expanding their
impact across diverse areas of biological and medical research [4].

CRISPR-Cas9 has emerged as a versatile genome-editing platform with significant applications in stem
cell research and regenerative medicine. The technology enables precise correction of disease-causing
mutations in induced pluripotent stem cells (iPSCs), followed by their differentiation into specific cell
types for disease modeling and therapeutic applications (Figure 2) [5]. Gene-edited iPSCs also provide
valuable in vitro models for investigating disease mechanisms and evaluating potential treatments.
Furthermore, CRISPR-mediated engineering of stem cells has facilitated the development of organoids
and advanced cellular models that closely mimic human physiology and pathology. Hematopoietic stem
cells (HSCs) are another important target for CRISPR-based modification, offering promising avenues
for the treatment of inherited and acquired genetic disorders [5]. The self-renewal capacity and
differentiation potential of stem cells make them ideal candidates for genome editing. In particular, iPSCs
generated through somatic cell reprogramming can be maintained in vitro and subjected to targeted gene
correction, disruption, or insertion, enabling the development of patient-specific disease models and
personalized regenerative therapies[2].
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Patient-Derived IPSC Model to Study and Correct Neurological Disease
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Fig 2. iPSCs from a patient or a healthy adult and different cell types (Beghini, et al., 2024).

Gene editing strategies typically rely on the induction of targeted double-strand breaks (DSBs) in DNA,
which are subsequently repaired through two major cellular pathways: non-homologous end joining
(NHEJ) and homology-directed repair (HDR) [6]. NHEJ is the predominant repair mechanism in
mammalian cells and functions without the need for a homologous DNA template. Following a DSB, the
broken DNA ends are recognized by the Ku70/Ku80 heterodimer, which recruits DNA-dependent protein
kinase (DNA-PK) and other repair factors to form a synaptic complex. The DNA ends are then processed
and ultimately sealed by DNA ligase IV (LIG4) [7]. During this repair process, small insertions or
deletions (indels) may be introduced at the break site, often disrupting gene function and resulting in gene
knockout. In protein-coding regions, indels that are not multiples of three nucleotides can produce
frameshift mutations, leading to altered or truncated proteins [7]. In contrast, HDR utilizes a homologous
DNA template to accurately repair the break, enabling precise sequence modification, gene correction, or
targeted gene insertion. Owing to its simplicity and efficiency, NHEJ is widely employed for gene
disruption studies, whereas HDR is preferred for precise genome engineering applications.
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Fig 3. NHEJ route of repair of double strand break, causing introduction of indels, without need
of homologous DNA template.
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HDR, is a higher precision process of DSB repairing, where a DNA sequence template (in CRISPR, this
template contains the edited sequence which alters the DNA to induce modification or inactivation) is
provided and the cell uses this template to synthesize the complementary sequence [8]. However, HDR is
not as effective as NHEJ, especially in stem cells, as its effects depends strongly on the stage of cell cycle
and the availability of a suitable donor template. Another way is through in vivo editing of Hematopoietic
stem cells (HSCs) through mRNA delivery. HSCs are found in the bone marrow, and they are multipotent,
being able to produce multiple kinds of blood cells and immune cells (myeloid and Lymphoid lineages).
HSCs produce blood and immune cells throughout life, this paves way for defect correction in the many
cells formed from HSCs. HSCs from host are taken and gene modification is done and reintroducing them
back into host does not warrant worry of Graft-versus-host disease (GVHD). However, conditioning is
required where the old, affected HSCs must be removed to make space for the new modified HSCs. Gene
editing applied in HSCs are facilitated through lipid nanoparticles like CD117-targeted lipid nanoparticles
(CD117/LNPs). This greatly reduces the risk of unintended damage from chemotherapy and radiation
used for HSC conditioning. This lipid nanoparticle carries mMRNA which encodes for different proteins as
intended [9]

3. Applications of Gene Editing In Stem Cells

3.1 Genetic disease modelling:

Induced pluripotent stem cells (iPSCs) have emerged as powerful tools for modeling human genetic
diseases due to their capacity for unlimited self-renewal and differentiation into disease-relevant cell
types. Because patient-derived iPSCs retain the genetic variants responsible for disease, they provide
physiologically relevant platforms for investigating disease mechanisms and cellular pathologies [11].
The integration of genome-editing technologies, particularly CRISPR-Cas9, has significantly enhanced
the utility of iPSC-based disease models. Precise introduction of pathogenic mutations into healthy iPSCs
or correction of disease-causing variants in patient-derived iPSCs enables the generation of isogenic cell
lines that differ only at specific genetic loci, allowing direct assessment of mutation-specific effects [10].
Such approaches facilitate the identification of causal relationships between genetic alterations and
disease phenotypes under controlled experimental conditions. A notable example is Leber congenital
amaurosis (LCA), an inherited retinal disorder, in which CRISPR-Cas9-mediated correction of an
pathogenic LCA5 variant in patient-derived iPSCs restored lebercilin expression and localization
following differentiation into retinal organoids. This study highlights the potential of combining genome
editing with iPSC-derived organoid systems to investigate disease pathogenesis and evaluate therapeutic
interventions at the cellular level [12].
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Fig. 4.Schematic representation of the application of gene editing in stem- cell-based genetic
disease modelling (Al generated)

The utility of iPSC-based disease models has been further demonstrated in focal segmental
glomerulosclerosis, where CRISPR-Cas9-mediated correction of a pathogenic PAX2 mutation in patient-
derived iPSCs resulted in improved podocyte function following differentiation, confirming the causal
role of the mutation in disease manifestation [13]. Together, these studies highlight the power of
combining stem cell technology with genome editing to generate isogenic disease models, establish
genotype-phenotype relationships, and investigate underlying disease mechanisms. Such platforms
provide valuable tools for target identification, drug screening, and the development of precision
therapies, thereby advancing translational and regenerative medicine (Figure 4) [10].

3.2 Gene correction and treatment of genetic disorders:

Unlike conventional therapies that primarily alleviate symptoms, genome editing aims to correct the
underlying genetic defect or modify disease-associated pathways at the cellular level. Stem cells are
particularly suitable for this approach because genetically modified cells can self-renew and generate
functional progeny after transplantation [17]. Among stem-cell populations, hematopoietic stem and
progenitor cells (HSPCs) have been extensively investigated for therapeutic gene editing. HSPCs can be
isolated from patients, genetically modified ex vivo, and reinfused following appropriate conditioning.
Because these cells give rise to multiple blood-cell lineages, successful modification of long-term
repopulating HSPCs can provide a sustained source of therapeutically corrected blood cells [17].

Sickle cell disease (SCD) and transfusion-dependent B-thalassemia are prominent examples of successful
HSPC-based gene-editing therapies. Rather than directly correcting mutations in the HBB gene, a widely
adopted strategy targets the erythroid-specific enhancer of BCL11A, a repressor of fetal hemoglobin
(HbF) expression. Disruption of this enhancer reactivates HbF production, compensating for defective
adult hemoglobin [17]. In a clinical study by Frangoul et al., CRISPR-Cas9-edited CD34+ HSPCs
targeting the BCL11A enhancer resulted in sustained HbF production, transfusion independence in a [3-
thalassemia patient, and elimination of vaso-occlusive crises in an SCD patient during follow-up [17].
Similarly, CRISPR-mediated disruption of regulatory regions in HBG1 and HBG2 promoted persistent
HbF expression and clinical improvement following transplantation of edited autologous HSPCs [15].
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These studies demonstrate that therapeutic benefit can be achieved by modifying regulatory pathways
rather than directly correcting disease-causing mutations. However, comprehensive assessment of editing
efficiency, genomic stability, off-target effects, and long-term safety remains essential for the
development of effective stem-cell-based gene therapies [14,16]. The clinical success of edited HSPCs
highlights the promise of combining stem-cell transplantation with precise genome engineering for
inherited disorders [17].

3.3. Regenerative medicine and tissue repair

Regenerative medicine aims to restore the structure and function of tissues damaged by injury, disease, or
degeneration. Owing to their capacity for self-renewal and differentiation into specialized cell types, stem
cells are central to tissue repair and regenerative therapies. However, their therapeutic efficacy is often
limited by poor survival, suboptimal differentiation, and unfavorable microenvironments following
transplantation. Genome-editing technologies, particularly CRISPR-based systems, have emerged as
powerful tools to enhance stem cell function by enabling precise modification of genes involved in cell
survival, proliferation, differentiation, and tissue regeneration. Genetic engineering can improve stem cell
resistance to hypoxia, oxidative stress, and inflammatory conditions encountered after transplantation,
thereby increasing therapeutic effectiveness [17]. In addition, CRISPR/dCas9-mediated transcriptional
activation allows controlled regulation of endogenous genes without introducing permanent DNA double-
strand breaks, facilitating directed differentiation into cardiac, neural, osteogenic, and chondrogenic
lineages. Studies have demonstrated that activation of cardiac lineage-specific factors in stem cells enhances
myocardial repair, improves cardiac function, and reduces scar formation following transplantation in
experimental models. Similarly, targeted genetic modification of mesenchymal stem cells has been shown
to promote cell survival, proliferation, and tissue regeneration under ischemic conditions. Beyond cardiac
applications, gene-edited stem cells are being investigated for neural, retinal, bone, cartilage, skin, and liver
regeneration. Furthermore, combining genetically modified stem cells with biomaterial scaffolds and tissue-
engineering approaches may provide supportive microenvironments for enhanced tissue repair (Figure 5).
Despite promising advances, challenges related to editing accuracy, off-target effects, maintenance of stem
cell identity, and long-term safety must be addressed before widespread clinical translation can be achieved
[18].
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Fig 3. Generation of disease-specific and gene-corrected stem-cell models for genetic disease
research.
3.4 Cancer research and cancer therapy
Cancer is a genetically complex disease characterized by the accumulation of mutations and dysregulation
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of signaling pathways that promote uncontrolled cell proliferation, survival, and progression. Gene-
editing technologies, particularly CRISPR-Cas systems, have emerged as powerful tools for investigating
cancer biology and identifying novel therapeutic targets [22]. Stem cell models, including hematopoietic
stem and progenitor cells (HSPCs) and induced pluripotent stem cells (iPSCs), can be genetically
engineered to study the early events of malignant transformation. Introducing specific mutations into these
cells enables researchers to evaluate their effects on cellular proliferation, differentiation, and disease
progression, particularly in cancers driven by aberrant stem or progenitor cell populations [21]. HSPCs
have proven especially valuable for modeling hematological malignancies. CRISPR-Cas9-mediated
editing allows the introduction or disruption of leukemia-associated genes, facilitating the investigation
of their roles in disease development. For example, an in vivo CRISPR screening study identified Pbrm1
as a regulator of myeloid leukemia progression, demonstrating the utility of genome editing in uncovering
genes involved in leukemogenesis [24]. Genome-wide CRISPR knockout, CRISPR interference
(CRISPRI), and CRISPR activation (CRISPRa) screens further enable the systematic identification of
genes influencing cancer-cell survival, proliferation, therapeutic response, and interactions with the tumor
microenvironment, thereby revealing previously unrecognized molecular pathways and therapeutic
targets [21].

Beyond disease modeling, CRISPR-based approaches are being explored for direct therapeutic
intervention. In acute myeloid leukemia, disruption of the oncogenic RUNX1-RUNX1T1 fusion gene
reduced leukemic-cell proliferation and tumor burden in experimental models [24]. Gene editing has also
advanced cancer immunotherapy by enhancing the tumor-targeting capabilities of immune cells and
identifying regulators of anti-tumor immune responses in T cells and natural killer cells [25]. Furthermore,
genetically modified HSPCs can serve as a renewable source of engineered blood cells for next-generation
cellular therapies. Notably, CRISPR-mediated deletion of CD33 in healthy donor HSPCs has been
proposed to improve the safety and selectivity of anti-CD33 therapies for acute myeloid leukemia [23].
Despite these advances, challenges including tumor heterogeneity, off-target effects, and efficient
delivery remain significant obstacles [22]. Nevertheless, the integration of stem-cell biology with
CRISPR-based genome editing holds considerable promise for understanding cancer mechanisms and
developing targeted, personalized therapies [21,25].

3.5. Drug discovery and screening

The development of effective therapeutics requires reliable disease models that accurately recapitulate
disease pathology and predict treatment responses. Induced pluripotent stem cells (iPSCs) have emerged
as valuable tools for drug discovery because of their unlimited self-renewal capacity and their ability to
differentiate into disease-relevant cell types that are often inaccessible from primary tissues [15]. Their
utility is further enhanced by gene-editing technologies, which enable the introduction, correction, or
modification of specific genetic variants, allowing researchers to establish direct links between genotype
and phenotype [10]. Gene editing can be employed to validate the functional significance of disease-
associated mutations by comparing genetically corrected cells with their mutant counterparts. Correction
of a pathogenic variant and subsequent restoration of normal cellular function provides strong evidence
for its causal role in disease development [10]. This strategy can be integrated with compound screening
approaches to identify small molecules capable of reversing disease phenotypes or compensating for the
effects of defective genes. Similarly, stem cell-derived disease models can be used to screen large
chemical libraries for compounds that alleviate pathological features or prevent cell death, particularly in
cell types that are difficult to isolate or maintain under conventional culture conditions [15]. A major
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advantage of iPSC-derived systems is their scalability, which facilitates high-throughput drug screening.
In addition, CRISPR-based genetic screening technologies, including CRISPR knockout, CRISPR
interference (CRISPRI), and CRISPR activation (CRISPRa), can be combined with chemical screening
to identify genes and pathways that drive disease processes [10,21]. Once critical molecular targets have
been identified, small-molecule libraries can be screened to discover compounds that modulate the same
pathways and possess therapeutic potential [10,21].

A notable example is the study by Zhang et al. (2024), which combined CRISPRIi/a screening with human
iIPSC-derived cardiomyocytes to investigate doxorubicin (DOX)-induced cardiomyopathy. DOX is an
effective chemotherapeutic agent whose clinical use is limited by cardiotoxicity. CRISPR-based screening
identified genes involved in DOX-induced cellular damage, and subsequent small-molecule screening
revealed carbonic anhydrase 12 (CA12) as a promising therapeutic target. Inhibition of CA12 reduced
cellular injury and improved cardiomyocyte function following DOX exposure, demonstrating the value
of integrating genome editing with drug-discovery pipelines [21]. Beyond target identification, gene-
editing technologies facilitate the characterization of drug mechanisms of action and the assessment of
potential off-target effects. Genetic screens can reveal the pathways affected by specific compounds,
thereby accelerating therapeutic development and improving target validation [21]. Furthermore, stem
cell-derived models have become increasingly important for drug toxicity testing. iPSC-derived
cardiomyocytes, hepatocytes, neurons, and other specialized cell types can be used to evaluate compound
safety in human-relevant systems, addressing limitations associated with animal models and immortalized
cell lines that often fail to accurately predict human responses [15].

The combination of gene editing and stem cell technologies also supports personalized medicine. Patient-
specific iPSCs can be generated from individuals with distinct genetic backgrounds and differentiated
into disease-relevant cell types. These models enable researchers to investigate patient-specific disease
mechanisms and evaluate therapeutic responses in vitro. For monogenic disorders in particular, correcting
disease-causing variants and assessing changes in cellular function or drug response can establish the
clinical relevance of specific genetic alterations [10,15]. Despite these advantages, stem cell-based drug
discovery platforms face several challenges. iPSC-derived cells may not fully replicate the complexity,
maturation state, and tissue architecture of adult human organs. Moreover, genetic and phenotypic
variability among patients can complicate data interpretation. High-throughput CRISPR screening
approaches also require careful optimization to ensure efficient editing, reproducibility, and accurate
analysis of screening outcomes [10,21].

Nevertheless, the integration of stem cell biology with genome-editing technologies represents a
transformative approach for modern drug discovery. By enabling disease modeling, target identification,
high-throughput compound screening, toxicity assessment, mechanism-of-action studies, and
personalized medicine applications, these technologies provide powerful platforms for accelerating
therapeutic development. Continued advances in stem cell engineering and genome-editing
methodologies are expected to further enhance their impact on future drug discovery and precision
medicine efforts [10,15,21].

4. Future Developments in Stem cells gene editing

4.1. Improving Homology-Directed Repair (HDR) Efficiency

Homology-directed repair (HDR) remains an essential genome-editing pathway because it enables precise
genetic modifications, including targeted gene correction, sequence replacement, and insertion of large
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DNA fragments that cannot be readily achieved through base editing. Despite its advantages, HDR
efficiency in stem and progenitor cells remains relatively low, limiting its therapeutic application. A major
challenge is that genome editing-induced DNA double-strand breaks (DSBs) activate cellular DNA
damage responses, including the p53 pathway, which can impair stem cell proliferation, survival, and
engraftment potential. Consequently, current research focuses on enhancing HDR efficiency while
minimizing cellular stress, genomic instability, and unintended mutations. Improved delivery systems,
optimized repair templates, and transient modulation of DNA repair pathways may increase the safety and
effectiveness of HDR-based stem cell therapies [32].

4.2. In Vivo Gene Editing of Stem Cells

In vivo stem cell editing represents a promising advancement in regenerative medicine, wherein genome-
editing components are delivered directly to stem cells within the body. This approach eliminates the need
for cell isolation, ex vivo manipulation, and reinfusion, thereby simplifying therapeutic procedures. Recent
studies have demonstrated the potential of targeted delivery systems, particularly nanoparticles, for editing
hematopoietic stem cells (HSCs) directly in vivo. Such strategies may reduce the requirement for
preconditioning treatments such as chemotherapy or radiation, which are often necessary for conventional
stem cell transplantation. As a result, in vivo editing could enhance treatment accessibility, safety, and
clinical applicability [33].

4.3. Gene-Edited Organoids and Disease Modelling

Gene-edited organoids are emerging as powerful platforms for studying human diseases. These three-
dimensional structures closely mimic the cellular composition and architecture of native tissues, bridging
the gap between conventional cell cultures and animal models. When generated from stem cells and
combined with genome-editing technologies, organoids enable precise investigation of disease-associated
genetic alterations within physiologically relevant tissue environments. Such models facilitate the study
of disease mechanisms, drug responses, and therapeutic interventions with greater accuracy than
traditional systems. Collectively, continued advances in stem cell biology, genome editing, and organoid
technology are expected to accelerate the development of novel therapies and improve the management
of a wide range of genetic and acquired disorders [34].

5. Future Horizons in Stem cell gene editing

The future of stem cell editing is being shaped by the development of next-generation genome-editing
technologies that offer greater precision and safety than conventional CRISPR-Cas9 systems. Emerging
approaches such as base editing and prime editing enable targeted genetic modifications without
introducing double-strand DNA breaks, thereby reducing the risk of unintended genomic alterations. Base
editors directly convert one nucleotide into another, whereas prime editors function as a programmable
“search-and-replace” system capable of introducing precise genetic changes. These advances hold
significant promise for correcting disease-causing mutations in stem cells with improved efficiency and
accuracy [35]. As genome-editing technologies continue to mature, their application is expanding beyond
monogenic disorders to complex diseases influenced by multiple genetic and environmental factors. This
progression will require sophisticated strategies involving multiplex gene editing and modulation of entire
gene regulatory networks. In parallel, considerable efforts are focused on developing in vivo editing
approaches, where genome-editing components are delivered directly to target tissues within the body.
Unlike current ex vivo methods, which require cell isolation, laboratory modification, and re-infusion, in
vivo editing has the potential to simplify treatment and improve accessibility, particularly for tissues that
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are difficult to target, such as the brain [35]. Together, these innovations are expected to accelerate the
clinical translation of stem cell-based therapies and advance precision medicine.

6. Ethical consideration of stem cells and gene editing

As stem cell therapies and gene-editing technologies advance toward clinical application, ethical concerns
extend beyond the source of stem cells to issues of informed consent, patient awareness, treatment
expectations, and long-term safety. Patients must be provided with clear information regarding the
potential benefits, limitations, risks, and uncertainties associated with gene-edited stem cell therapies.
Although significant progress has improved the safety and efficacy of these interventions, unexpected
outcomes remain possible due to biological variability, procedural limitations, or non-compliance with
clinical guidelines. The importance of patient adherence was highlighted in a clinical study on autologous
cartilage repair using allogeneic mesenchymal stem cells and autologous chondrons, where unfavorable
outcomes in some patients were attributed to failure to follow rehabilitation protocols rather than the
therapy itself [36]. These findings underscore the necessity of comprehensive patient education, informed
consent, and strict adherence to treatment protocols to maximize therapeutic success.

Public engagement is equally important in addressing the societal implications of stem cell research. The
widely adopted "14-day rule,” which limits the in vitro culture of human embryos beyond 14 days after
fertilization or the appearance of the primitive streak, has served as an ethical framework for embryonic
research for several decades. However, recent advances in stem cell-derived embryo models and
developmental biology have renewed discussions regarding its reassessment. These models can replicate
key features of early human embryogenesis, providing valuable insights into implantation, organogenesis,
placental development, and the origins of developmental disorders. Extending research within carefully
regulated ethical frameworks may enhance understanding of early disease mechanisms and improve
therapeutic strategies. Consequently, transparent communication and public participation are essential to
ensure informed societal dialogue, maintain public trust, and support responsible scientific advancement
[37].

Acknowledgements

The authors would like to express their sincere gratitude to their mentors and colleagues for their valuable
guidance, constructive feedback, and intellectual support throughout the preparation of this review. The
authors also acknowledge the contributions of the researchers whose published work provided the
scientific foundation for this article.

References

1. Rahimi Darehbagh, R., Seyedoshohadaei, S. A., Ramezani, R., & Rezaei, N. Stem cell therapies for
neurological disorders: current progress, challenges, and future perspectives. European Journal of
Medical Research, 2024; 29, 386.

2. Zakrzewski, W., Dobrzynski, M., Szymonowicz, M., & Rybak, Z. Stem cells: past, present, and future.
Stem Cell Research & Therapy, 2019;10(1), 68.

3. Maeder, M. L., & Gersbach, C. A. Genome-editing technologies for gene and cell therapy. Molecular
Therapy, 2016; 24(3), 430-446.

4. Doudna, J. A. The promise and challenge of therapeutic genome editing. Nature, 2020; 578(7794),
229-236.

IJFMR260589306 Volume 8, Issue 5, September-October 2026 11



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com
5. Barrangou, R., & Doudna, J. A. Applications of CRISPR technologies in research and beyond. Nature

10.

11.

12.

13.

14.

15.

16.

17.

Biotechnology, 2016;34(9), 933-941.

Lotfi, M., Morshedi Rad, D., Sharif Mashhadi, S., Ashouri, A., Mojarrad, M., Mozaffari-Jovin, S.,
Farrokhi, S., Hashemi, M., Lotfi, M., Ebrahimi Warkiani, M., & Abbaszadegan, M. R. Recent
Advances in CRISPR/Cas9 Delivery Approaches for Therapeutic Gene Editing of Stem Cells. Stem
Cell Reviews and Reports, 2023;19(8), 2576—2596.

Ruis, B. L., Bielinsky, A. K., & Hendrickson, E. A. Gene editing and CRISPR-dependent homology-
mediated end joining. Experimental and Molecular Medicine, 2025; 57(7), 1409-1418.

Yang, H.,Ren, S, Yu, S., Pan, H., Li, T., Ge, S., Zhang, J., & Xia, N. Methods Favoring Homology-
Directed Repair Choice in Response to CRISPR/Cas9 Induced-Double Strand Breaks. International
Journal of Molecular Sciences, 2020 ; 21(18), 6461.

Breda, L., Papp, T. E., Triebwasser, M. P., Yadegari, A., Fedorky, M. T., Tanaka, N., Abdulmalik, O.,
Pavani, G., Wang, Y., Grupp, S. A, Chou, S. T., Ni, H., Mui, B. L., Tam, Y. K., Weissman, D., Rivella,
S., & Parhiz, H. In vivo hematopoietic stem cell modification by mRNA delivery. Science, 2023 ;
381(6656), 436-443.

Shevade, K., Peddada, S., Mader, K., & Przybyla, L. Functional genomics in stem cell models:
considerations and applications. Frontiers in Cell and Developmental Biology, 2023 ; 11, 1236553, 1-
14.

Shi, Y., Inoue, H., Wu, J. C., & Yamanaka, S. Induced pluripotent stem cell technology: a decade of
progress. Nature Reviews Drug Discovery, 2017 ; 16, 115-130.

Afanasyeva, T. A. V., Athanasiou, D., Perdigao, P. R. L., Whiting, K. R., Duijkers, L., Astuti, G. D.
N., Bennett, J., Garanto, A., van der Spuy, J., Roepman, R., Cheetham, M. E., & Collin, R. W. J.
CRISPR-Cas9 correction of a nonsense mutation in LCA5 rescues lebercilin expression and
localization in human retinal organoids. Molecular Therapy - Methods & Clinical Development, 2023 ;
29, 522-531.

Trionfini, P., Ciampi, O., Todeschini, M., Ascanelli, C., Longaretti, L., Perico, L., Remuzzi, G.,
Benigni, A., & Tomasoni, S. CRISPR-Cas9-Mediated Correction of the G189R-PAX2 Mutation in
Induced Pluripotent Stem Cells from a Patient with Focal Segmental Glomerulosclerosis. The CRISPR
Journal, 2019 ; 2, 108-120.

Cerneckis, J., Cai, H., & Shi, Y. Induced pluripotent stem cells (iPSCs): molecular mechanisms of
induction and applications. Signal Transduction and Targeted Therapy, 2024 ; 9, 112.

Sharma, A., Boelens, J. J., Cancio, M., Hankins, J. S., Bhad, P., Azizy, M., Lewandowski, A., Zhao,
X., Chitnis, S., Peddinti, R., Zheng, Y., Kapoor, N., Ciceri, F., Maclachlan, T., Yang, Y., Liu, Y., Yuan,
J., Naumann, U., Yu, V. W. C,, Stevenson, S. C., De Vita, S., & LaBelle, J. L. CRISPR-Cas9 Editing
of the HBG1 and HBG2 Promoters to Treat Sickle Cell Disease. New England Journal of Medicine,
2023 ; 389(9), 820-832.

Frangoul, H., Altshuler, D., Cappellini, M. D., Chen, Y. S., Domm, J., Eustace, B. K., Foell, J., de la
Fuente, J., Grupp, S., Handgretinger, R., Ho, T. W., Kattamis, A., Kernytsky, A., Lekstrom-Himes, J.,
Li, A. M., Locatelli, F., Mapara, M. Y., de Montalembert, M., Rondelli, D., Sharma, A., Sheth, S,
Soni, S., Steinberg, M. H., Wall, D., Yen, A., & Corbacioglu, S. CRISPR-Cas9 Gene Editing for Sickle
Cell Disease and B-Thalassemia. New England Journal of Medicine, 2021 ; 384(3), 252-260.

Razavi, Z., Soltani, M., Souri, M., & van Wijnen, A. J. (2024). CRISPR innovations in tissue
engineering and gene editing. Life Sciences, 358, 123120, 1-309.

IJFMR260589306 Volume 8, Issue 5, September-October 2026 12



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

18. Sano, T., Ito, T., Ishigami, S., Bandaru, S., & Sano, S. Intrinsic activation of cardiosphere-derived
cells enhances myocardial repair. The Journal of Thoracic and Cardiovascular Surgery, 2022 ; 163(4),
1479-1490.e5.

19. Cho, H. M., Lee, K. H., Shen, Y. M., Shin, T. J., Ryu, P. D., Choi, M. C., Kang, K. S., & Cho, J. Y.
Transplantation of hMSCs Genome Edited with LEF1 Improves Cardio-Protective Effects in
Myocardial Infarction. Molecular Therapy - Nucleic Acids, 2020; 19, 1186-1197.

20. Chehelgerdi, M., Chehelgerdi, M., Khorramian-Ghahfarokhi, M., Shafieizadeh, M., Mahmoudi, E.,
Eskandari, F., Rashidi, M., Arshi, A., & Mokhtari-Farsani, A. Comprehensive review of CRISPR-
based gene editing: mechanisms, challenges, and applications in cancer therapy. Molecular Cancer,
2024; 23, 9.

21. Molaei, Z., Jabbarpour, Z., Omidkhoda, A., & Ahmadbeigi, N. Exploring non-viral methods for the
delivery of CRISPR-Cas ribonucleoprotein to hematopoietic stem cells. Stem Cell Research &
Therapy, 2024;15, 233.

22. Neldeborg, S., Soerensen, J. F., Mgller, C. T., Bill, M., Gao, Z., Bak, R. O., Holm, K., Sorensen, B.,
Nyegaard, M., Luo, Y., Hokland, P., Stougaard, M., Ludvigsen, M., & Holm, C. K. Dual intron-
targeted CRISPR-Cas9-mediated disruption of the AML RUNX1-RUNX1T1 fusion gene effectively
inhibits proliferation and decreases tumor volume in vitro and in vivo. Leukemia, 2023; 37, 1792—
1801.

23. Qin, M., Deng, C., Wen, L., Luo, G., & Meng, Y. CRISPR-Cas and CRISPR-based screening system
for precise gene editing and targeted cancer therapy. Journal of Translational Medicine, 2024 ; 22,
516.

24. Zhou, H., Ye, P., Xiong, W., Duan, X., Jing, S., He, Y., Zeng, Z., Wei, Y., & Ye, Q. Genome-scale
CRISPR-Cas9 screening in stem cells: theories, applications and challenges. Stem Cell Research &
Therapy, 2024 ; 15, 218.

25.Li,B.E., Li,G.Y.,Cai, W., Zhu, Q., Seruggia, D., Fujiwara, Y., Vakoc, C. R., & Orkin, S. H. Invivo
CRISPR/Cas9 screening identifies Pbrm1 as a regulator of myeloid leukemia development in mice.
Blood Advances, 2023 ; 7(18), 5281-5293.

26. Cerneckis, J., Cai, H., & Shi, Y. Induced pluripotent stem cells (iPSCs): molecular mechanisms of
induction and applications. Signal Transduction and Targeted Therapy,2024 : 9, 112.

27. Liu, C., Shen, M., Liu, Y., Manhas, A., Zhao, S. R., Zhang, M., Belbachir, N., Ren, L., Zhang, J. Z.,
Caudal, A., Nishiga, M., Thomas, D., Zhang, A., Yang, H., Zhou, Y., Ameen, M., Sayed, N., Rhee, J.
W., Qi, L. S.,, & Wu, J. C. CRISPRIi/a screens in human iPSC-cardiomyocytes identify glycolytic
activation as a druggable target for doxorubicin-induced cardiotoxicity. Cell Stem Cell, 2024; 31(12),
1760-1776.€9.

28. Dorset, S. R., & Bak, R. O. The p53 challenge of hematopoietic stem cell gene editing. Molecular
Therapy - Methods & Clinical Development, 2023 ; 30, 83—-89.

29. Attwaters, M. In vivo editing of blood stem cells. Nature Reviews Genetics, 2023 ; 24, 662.

30. Geurts, M. H., & Clevers, H. CRISPR engineering in organoids for gene repair and disease modelling.
Nature Reviews Bioengineering, 2023 ; 1, 32-45.

31. Pacesa, M., Pelea, O., & Jinek, M. Past, present, and future of CRISPR genome editing technologies.
Cell, 2024 ; 187(5), 1076-1100.

32. Assen, L. S., Jongsma, K. R., Isasi, R., Tryfonidou, M. A., & Bredenoord, A. L. Recognizing the
ethical implications of stem cell research: A call for broadening the scope. Stem Cell Reports, 2021 ;

IJFMR260589306 Volume 8, Issue 5, September-October 2026 13



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

16(7), 1656-1661.

33. Sugarman, J., Clark, A., Fishkin, J., Kato, K., McCormack, K., Munsie, M., Peluso, M. J., René, N.,
& Solomon, S. L. Critical considerations for public engagement in stem cell-related research. Stem
Cell Reports, 2023 ; 18(2), 420-426.

34. Lino, C. A, Harper, J. C., Carney, J. P., & Timlin, J. A. Delivering CRISPR: a review of the challenges
and approaches. Drug Delivery, 2018 ; 25(1), 1234-1257.

35.Yu, S. Y., Birkenshaw, A., Thomson, T., Carlaw, T., Zhang, L. H., & Ross, C. J. D. Increasing the
Targeting Scope of CRISPR Base Editing System Beyond NGG. The CRISPR Journal, 2022 ; 5(2),
187-202.

36. Beghini, D. G., Kasai-Brunswick, T. H., & Henriques-Pons, A. Induced pluripotent stem cells in drug
discovery and neurodegenerative disease modelling. International Journal of Molecular Sciences,
2024 ; 25(4), 2392.

IJFMR260589306 Volume 8, Issue 5, September-October 2026 14



http://www.ijfmr.com/

