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Gene Editing: CRISPR and Beyond
Mary Christine Wheatley

ABSTRACT
Gene editing technologies, particularly CRISPR, have 
significantly transformed fields such as medicine, 
agriculture, and biotechnology, offering precise 
modifications to DNA with increasing efficiency and 
lower costs. This review highlights CRISPR’s significant 
role in advancing medical treatments for genetic 
disorders such as sickle cell disease and cystic fibrosis, 
with ongoing trials demonstrating its potential to 
effectively correct genetic defects. In agriculture, CRISPR 
has enhanced crop resilience and nutritional profiles, 
contributing to sustainable food production. However, 
the rapid development of gene editing raises profound 
ethical, legal, and social concerns, from the potential 
creation of “designer babies” to impacts on biodiversity, 
necessitating robust discussions and regulatory 
frameworks to ensure responsible application. 
  The future of CRISPR and related technologies 
hinges on balancing technological advancements with 
ethical considerations, ensuring equitable access, and 
addressing societal implications comprehensively.
Keywords: CRISPR-Cas9, Genetic disorders, Prime 
editing, Agricultural biotechnology, Ethical implications

Introduction
Gene editing, a set of technologies that enable scien-
tists to alter an organism’s DNA, has revolutionized 
fields such as medicine, agriculture, and biotechnolo-
gy. Among these technologies, CRISPR-Cas9 stands out 
as a particularly transformative tool due to its precision, 
affordability, and versatility.1,2 Initially discovered as a 
bacterial immune defense mechanism, CRISPR-Cas9 
has been adapted to edit the genes of various organ-
isms rapidly and with unprecedented accuracy.3

This review explores the recent advancements in 
CRISPR technology and its broad spectrum of appli-
cations. From curing genetic diseases to enhancing 
agricultural production and addressing key biotech-
nological challenges, CRISPR’s impact is profound and 
wide-reaching. Additionally, the review will cover the 
ethical, legal, and social implications that accompany 
the use of gene editing technologies. These consider-
ations are crucial as the capability to alter DNA at will 
poses significant ethical questions and requires careful 
regulatory frameworks to ensure responsible use.4

As we explore these themes, the review aims to pro-
vide a comprehensive overview of the current state 
and future potential of CRISPR and other gene editing 
technologies, highlighting both their promise and the 
complex issues they bring to the forefront of scientific 
and public discourse.

Advances in Gene Editing Technologies
CRISPR-Cas9
CRISPR-Cas9 continues to revolutionize gene editing 
with its adaptability and increasing precision. Since 

its inception, subsequent refinements have signifi-
cantly expanded its capabilities. One of the pivotal 
advancements is the development of high-fidelity Cas9 
variants that minimize off-target effects, crucial for 
clinical applications. These variants, such as eSpCas9 
and HypaCas9, have shown reduced off-target activity 
without compromising on-target efficiency.5,6

Moreover, the integration of machine learning algo-
rithms with CRISPR-Cas9 has enhanced the prediction 
and selection of optimal guide RNAs, further improv-
ing the precision of gene editing outcomes.7 This com-
putational approach has helped refine the selection 
process, reducing potential errors and increasing the 
success rates of gene editing procedures.

Additionally, advancements in delivery meth-
ods have significantly impacted the practical use of 
CRISPR-Cas9. The development of novel viral and 
non-viral delivery systems, such as lipid nanoparticles 
and electroporation techniques, has improved the effi-
ciency of CRISPR delivery to a wide range of cell types, 
including hard-to-transfect cells like stem cells and 
primary cells.8,9 These improvements not only enhance 
the versatility of CRISPR-Cas9 but also its applicability 
in therapeutic settings, where delivery to specific cell 
types is often a major challenge.

Emerging Gene Editing Technologies:  
Beyond CRISPR
Prime Editing
Prime editing, a significant enhancement over tra-
ditional CRISPR-Cas9, was pioneered by Anzalone  
et al. in 2019. This technique merges the targetability 
of CRISPR-Cas9 with the precision of reverse transcrip-
tion to enact direct edits on the DNA sequence with-
out requiring double-strand breaks (DSBs) or donor 
DNA templates, which are common in other CRISPR 
approaches.10 Prime editing allows for all 12 types of 
base-to-base conversions, as well as small insertions 
and deletions, reducing the risk of unintended indels 
and enhancing the potential for correcting genetic dis-
orders with minimal error rates.11

Base Editing
Developed earlier by Komor et al. in 2016, base editing 
represents a foundational shift in gene editing technol-
ogy by enabling direct, irreversible conversion of one 
DNA base into another without the use of DSBs.12 This 
method utilizes a disabled Cas9 protein fused to a base 
deaminase enzyme, capable of converting cytosine to 
thymine or adenine to guanine within a narrow edit-
ing window, significantly increasing the precision of 
gene editing. The precision of base editing has been 
particularly noted for its potential in therapeutic con-
texts, especially in correcting point mutations that un-
derlie many hereditary diseases, thereby expanding 
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the scope of treatable genetic conditions with high 
accuracy.13

These technologies represent transformative 
advances in gene editing, enhancing both the scope 
and applicability of genetic modifications. The devel-
opment of prime and base editing technologies under-
scores a pivotal shift toward more targeted and less 
invasive approaches in genetic research and therapy, 
potentially reducing the risks associated with earlier 
gene editing methods and improving patient safety in 
clinical applications.14

Efficiency, Precision, and Accessibility of  
Emerging Gene Editing Technologies
As gene editing technologies evolve, assessing their ef-
ficiency, precision, and accessibility becomes crucial. 
The advent of CRISPR-Cas9 revolutionized genomic 
research with its simplicity and efficiency, but newer 
technologies such as prime editing and base editing 
offer refined approaches with potentially greater pre-
cision and fewer off-target effects.10,15

Prime editing, a “search-and-replace” technique 
for DNA, is designed to achieve accurate gene editing 
without DSBs, reducing the risk of unintended 
mutations commonly associated with traditional 
CRISPR-Cas9 methods. This makes prime editing 
particularly valuable in clinical settings, where 
precision is paramount.14,16 Studies have demonstrated 
prime editing’s ability to correct up to 89% of known 
pathogenic human genetic variants, showcasing its 
broad applicability and precision. This was highlighted 
in a 2019 study by Anzalone et al., which exemplified 
the versatility and efficiency of this genome editing 
method across various genetic targets.10

Base editing, another CRISPR-derived technology, 
facilitates the conversion of one DNA base pair into 
another, directly and without introducing DSBs. 
This method enhances editing efficiency and offers 
a substantial reduction in unintended edits, which 
is critical for therapeutic applications. Recent 
advancements have expanded the editable genome 
sites by overcoming the previous limitations of base 
editing tools.17,18

Accessibility of these technologies, however, varies 
significantly across different regions and institutions, 
often influenced by resource availability. While CRISPR 
technologies are relatively economical and have 
proliferated globally, the more advanced prime and 
base editing tools require specialized equipment and 
deeper technical expertise, limiting their widespread 
adoption.19 Efforts are underway to simplify 
these technologies and reduce costs, which could 
democratize advanced gene editing tools, making 
them accessible to a broader range of researchers and 
clinicians worldwide.5

These developments not only enhance the 
capabilities of gene editing technologies but also 
promise to expand their use from basic research to 
more clinical settings. The therapeutic potential of 
gene editing is immense, with applications ranging 
from treating genetic disorders to engineering disease-

resistant crops. For instance, recent clinical trials using 
CRISPR technologies have shown promising results in 
treating conditions like sickle cell disease (SCD) and 
beta-thalassemia. A 2021 clinical trial by Esrick et al. 
focused on SCD, employing posttranscriptional genetic 
silencing of BCL11A to induce robust and stable fetal 
hemoglobin (HbF) production. This approach reduced 
clinical manifestations of the disease and demonstrated 
a favorable risk–benefit profile.20 A 2018 clinical trial 
by Thompson et al. investigated gene therapy for beta-
thalassemia using the LentiGlobin BB305 vector. This 
therapy significantly reduced or eliminated the need 
for long-term red-cell transfusions in patients with 
transfusion-dependent beta-thalassemia, improving 
hemoglobin levels and alleviating transfusion 
requirements.21

Moreover, the ethical, legal, and social implications 
of these technologies are being intensively discussed 
in the scientific community, aiming to establish a 
framework that ensures safe and equitable access to 
gene editing advancements.22 As regulatory pathways 
evolve, the accessibility of these technologies in clin-
ical settings may see significant changes, potentially 
allowing for broader application in medicine and ag-
riculture.23

In conclusion, while the efficiency and precision of 
gene editing technologies like prime editing and base 
editing are advancing rapidly, their accessibility re-
mains a critical challenge.

Overcoming this barrier requires not only technolog-
ical innovation but also collaborative efforts to ensure 
ethical considerations are met and resources are equi-
tably distributed.24

CRISPR Applications in Genetic Diseases
CRISPR’s Role in Treating Genetic Disorders
CRISPR-Cas9 technology has revolutionized the field of 
genetics by providing a powerful tool for directly modi-
fying the DNA of various organisms, including humans. 
This technology has particularly significant implications 
for the treatment of genetic disorders, which are typical-
ly caused by specific and often well-characterized muta-
tions in the DNA. By targeting these mutations, CRISPR 
has the potential to correct or alleviate the underlying 
genetic defects responsible for diseases.15

One of the most notable applications of CRISPR 
technology in medicine is its use in treating hereditary 
blood disorders such as SCD and β-thalassemia. These 
diseases are caused by mutations that affect hemoglo-
bin, a protein in red blood cells that carries oxygen. 
Recent advances in gene therapy have demonstrated 
the potential of CRISPR-Cas9 to modify hematopoietic 
stem and progenitor cells, offering promising strategies 
for treating monogenic disorders such as beta-thalas-
semia and other blood-related diseases.25,26

Furthermore, CRISPR is being explored for its 
potential to treat cystic fibrosis (CF), a genetic disor-
der that results in severe damage to the respiratory 
and digestive systems. Researchers are investigat-
ing the use of CRISPR to correct the mutation in the 
CFTR gene, which is known to cause CF. Early-stage 
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research and preclinical trials have shown promising 
results, suggesting that gene editing could eventually 
become a viable therapeutic option for this challeng-
ing condition. In a 2018 study, Davies et al. evaluat-
ed a triple-combination therapy, VX-659–tezacaftor– 
ivacaftor, designed to restore the function of Phe508del 
CFTR protein in CF patients. The clinical trial demon-
strated significant improvements in lung function, as 
measured by the percentage of predicted forced ex-
piratory volume in 1 second (FEV1), with increases 
of up to 13.3 points in patients with Phe508del–MF 
genotypes. These results underscore the potential of 
targeted treatments to address the underlying cause of 
CF in approximately 90% of patients.27

In addition to these diseases, CRISPR technology 
is being applied to a wide range of other genetic dis-
orders, including muscular dystrophy, Huntington’s 
disease, and some forms of inherited blindness. Each 
of these applications involves targeting and modify-
ing specific genetic mutations to either restore normal 
function or prevent the progression of the disease.28,29

The ongoing development and refinement of CRISPR 
technology continue to improve its accuracy, efficien-
cy, and safety, which are crucial for its application in 
clinical settings.

Enhancements in delivery methods, such as the use 
of nanoparticles and viral vectors, are also expand-
ing the potential of CRISPR-based therapies to treat a 
broader range of genetic disorders.30,31

Case Studies of Significant Breakthroughs:  
SCD and CF
Sickle Cell Disease
SCD has been a prime target for CRISPR gene edit-
ing due to its well-defined genetic cause—a single- 
nucleotide mutation in the HBB gene that leads to the 
production of abnormal hemoglobin. This mutation 
causes red blood cells to assume a rigid, sickle shape, 
leading to severe pain, organ damage, and shortened 
lifespan.32

In a groundbreaking 2016 preclinical study, re-
searchers employed CRISPR-Cas9 technology to target 
and correct the HBB gene mutation in hematopoietic 
stem cells derived from patients with SCD. These mod-
ified cells demonstrated restored function in lab mod-
els, indicating the potential for developing effective 
gene therapies. The study’s success highlights the pre-
cise and efficient editing capabilities of CRISPR-Cas9, 
which allowed for the specific targeting and correction 
of the HBB gene without off-target effects that could 
potentially lead to other health complications. This 
precision underscores CRISPR’s potential for not only 
treating SCD but also addressing other single-gene dis-
orders, such as β-thalassemia.33

Moreover, the study emphasized the importance of 
developing safe and effective delivery mechanisms for 
CRISPR components, an area of ongoing research that 
includes both viral and non-viral delivery systems. En-
suring the long-term efficacy and safety of gene-edited 
cells remains a priority to transition such treatments 
from the laboratory to the clinic.34 This case not only 

demonstrates the transformative potential of CRISPR 
for gene therapy but also emphasizes the collaborative 
efforts between genetic engineers, clinicians, and regu-
latory bodies to ensure that these innovative therapies 
are both effective and safe for widespread clinical use.

Cystic Fibrosis
CF, a debilitating genetic disorder, arises from 
mutations in the CFTR gene that impairs the protein re-
sponsible for regulating ions and water transport in the 
cells, affecting the lungs, digestive system, and other 
organs.35 Researchers have harnessed CRISPR technol-
ogy to target and correct these mutations in the CFTR 
gene with the goal of restoring normal function to the 
CFTR protein. In a 2021 study, Maule et al. provided 
a comprehensive review of the latest advancements in 
gene editing strategies specifically aimed at the CFTR 
gene, which is responsible for CF. They delve into how 
CRISPR technology has been employed not just for cor-
recting the mutations within the CFTR gene, but also 
for enhancing the expression of the CFTR protein to 
restore its normal function.36

One of the significant challenges in treating CF with 
gene editing is the delivery of CRISPR components to 
the lungs, where thick, sticky mucus often prevents ef-
fective treatment. Despite these hurdles, recent studies 
have made notable progress. For example, in a 2022 
study, researchers successfully applied CRISPR to edit 
the CFTR gene in cultured human stem cells, and these 
cells reportedly showed restored function in laboratory 
models.37 This suggests a potential pathway for devel-
oping effective therapies that could alleviate the symp-
toms and complications associated with CF.

Further advancements in CRISPR technology 
have involved refining the delivery mechanisms. For 
example, a 2022 study used lipid nanoparticles and 
adeno-associated viruses designed specifically to pen-
etrate the mucus barriers in the lungs.38 Additionally, 
ongoing research is focusing on enhancing the preci-
sion and efficiency of CRISPR editing to ensure that the 
corrected genes perform their functions without unin-
tended effects.

These developments offer a glimpse into the 
potential of gene editing as a transformative treatment 
for CF, highlighting the critical need for continued re-
search and innovation to overcome the remaining bar-
riers. This case exemplifies the broader implications of 
CRISPR technology in treating not just CF but poten-
tially other genetic disorders as well.

Analysis of Ongoing Clinical Trials and  
Their Preliminary Results
The exploration of CRISPR technology in clinical set-
tings has accelerated, with several trials underway to 
assess its efficacy and safety in treating genetic disor-
ders. Notably, clinical trials employing CRISPR for SCD 
and beta-thalassemia have shown promising early re-
sults. A 2021 trial conducted by Frangoul et al. demon-
strated successful CRISPR-mediated editing of the HBB 
gene, which led to significant improvements in dis-
ease symptoms and patient outcomes.39 These results 
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indicate not only the potential of CRISPR in treating 
hemoglobinopathies but also its adaptability to other 
genetic conditions.

While much of the focus is on clinical applications, 
foundational preclinical studies continue to inform 
and guide clinical strategies. For example, a pivotal 
preclinical 2016 study by Mendell and Rodino-Klapac 
utilized CRISPR/Cas9 to target Duchenne muscular 
dystrophy (DMD) in a mouse model.40 Their findings, 
suggesting that CRISPR can safely make targeted cuts 
in DNA sequences responsible for DMD, underscore 
the potential for future therapeutic interventions 
in muscular dystrophies. This study highlights the 
critical role of precise and targeted gene editing in 
achieving therapeutic outcomes in preclinical settings, 
emphasizing the importance of ongoing improvements 
in CRISPR delivery methods.

Furthermore, clinical trials and preclinical studies 
focusing on hereditary blindness have utilized CRIS-
PR to edit genes directly within the body, marking a 
significant advancement in in vivo gene editing. For ex-
ample, a 2019 preclinical study by Maeder et al. devel-
oped EDIT-101, a CRISPR-based therapeutic aimed at 
correcting the CEP290 gene mutation responsible for 
Leber congenital amaurosis type 10.41 This therapeutic 
intervention demonstrated successful gene editing in 
humanized mouse models and non-human primates, 
confirming the feasibility and potential efficacy of 
CRISPR/Cas9 for direct in vivo application in somatic 
cells. These results support the continued develop-
ment of CRISPR-based treatments for inherited retinal 
disorders and potentially other genetic diseases.

The ongoing trials underscore the transformative 
potential of CRISPR technology in clinical applica-
tions. However, they also highlight the challenges that 
remain, such as ensuring long-term safety, minimizing 
off-target effects, and improving delivery mechanisms. 
As these trials progress, they will provide valuable in-
sights into the practical limitations and capabilities 
of CRISPR as a tool for genetic therapy. While clinical 
trials have demonstrated the promise of CRISPR in 
treating genetic disorders, the economic scalability of 
these treatments remains a key consideration. Scaling 
up CRISPR-based therapies will depend on several fac-
tors, including technology costs, infrastructure, and 
market demand.42 Although CRISPR treatments are 
currently expensive, they are expected to become more 
affordable as technology advances and economies of 
scale come into play.42

CRISPR in Agriculture and Biotechnology
Exploration of CRISPR’s Impact on  
Agricultural Practices
CRISPR technology has revolutionized agricultur-
al science by enabling precise modifications to crop 
genomes, thereby enhancing resistance to diseases, 
pests, and environmental stresses. For instance, 
CRISPR has been employed to develop rice varieties 
with improved resistance to devastating diseases like 
bacterial blight and fungal infections, significantly 
boosting crop yields.43 Researchers have also utilized 

CRISPR to enhance the drought resistance of maize, an 
advancement that promises to increase sustainability 
in arid regions. For example, in their 2017 study, Shi 
et al. demonstrated how CRISPR-Cas9 was used to cre-
ate variants of the ARGOS8 gene, which significantly 
enhanced maize yields under drought conditions. By 
editing the native ARGOS8 locus to achieve elevated 
expression levels across various tissues, these variants 
led to a five bushels per acre increase in grain yield un-
der flowering stress conditions, without affecting yield 
under well-watered conditions.44

Moreover, CRISPR’s applications extend to improv-
ing the nutritional profiles of crops. Biofortification of 
staple crops like wheat and potatoes has been achieved 
by increasing their content of essential nutrients such 
as vitamins and minerals, making these crops more 
beneficial for regions facing nutritional deficiencies.45 
Such modifications not only enhance the health ben-
efits of these crops but also add value to agricultural 
produce, potentially opening new markets for farmers.

Additionally, CRISPR has enabled the reduction of 
antinutritional factors in crops like soybeans, enhanc-
ing their safety and digestibility.46 This application 
is particularly impactful as it addresses both human 
health concerns and increases the commercial viabil-
ity of crops by meeting stringent regulatory standards.

The versatility of CRISPR in agriculture is fur-
ther demonstrated through its use in modifying crop 
attributes such as size, growth rate, and tolerance 
to various climatic conditions, which are crucial for 
adapting to the challenges posed by climate change.47 
These innovations not only enhance food security but 
also contribute to the sustainability of agricultural 
practices globally.

Examples of CRISPR-Modified Organisms in 
Agriculture
CRISPR technology has facilitated the creation of vari-
ous genetically edited organisms with improved traits 
that are significant for agricultural advancement. One 
notable example is the development of non-browning 
mushrooms, where CRISPR has been used to reduce 
the expression of genes responsible for browning in 
mushrooms, extending their shelf life and reducing 
food waste.48

In tomatoes, researchers have employed CRISPR to 
increase the concentration of gamma-aminobutyric acid 
(GABA), an amino acid that helps lower blood pressure 
in humans.

This modification not only enhances the nutritional 
value of tomatoes but also addresses health concerns 
associated with hypertension. A 2017 study by 
Nonaka et al. demonstrated that targeted mutagenesis 
of SlGAD2 and SlGAD3 genes via CRISPR/Cas9 could 
significantly elevate GABA content in tomato fruits, 
promising an effective natural approach to managing 
high blood pressure.49

Another breakthrough involves CRISPR-modified 
cassava resistant to viruses, particularly the cassava 
brown streak disease, which has been devastating 
crops across East Africa. By targeting and modifying 
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specific sequences within the cassava genome, scien-
tists have developed strains that show enhanced resis-
tance to these viruses, promising a significant boost to 
food security in affected regions.50

Additionally, CRISPR has been used to modify the 
fatty acid composition in soybeans, increasing the 
oleic acid content which is better for heart health and 
provides a longer shelf life for soybean oil. This modi-
fication not only improves the health properties of soy-
bean oil but also increases its industrial applicability, 
replacing less healthy oils in food production.51

These examples underscore the diverse applications 
of CRISPR in agriculture, enabling the production of 
crops with desired traits that meet specific consumer 
needs, environmental challenges, and health bene-
fits. As CRISPR technology is increasingly employed 
in agriculture to modify crops for improved yields and 
disease resistance, there is growing potential for the 
economic scalability of these innovations.52 While the 
costs of gene editing remain high, they are expected to 
decrease over time with larger production, enhanced 
techniques, and increased adoption.52 This could lead 
to more affordable solutions for farmers, benefiting 
global food security.

CRISPR’s Role in Biotechnological Applications: 
Biofuel Production and Industrial Bioprocessing
CRISPR technology has significantly advanced biotechno-
logical applications, especially in the fields of biofuel pro-
duction and industrial bioprocessing. This gene-editing 
tool has enabled precise alterations in microbial genomes 
to enhance the production of biofuels and other valuable 
chemicals.53 For instance, CRISPR has been utilized to 
engineer yeast and algae strains to increase lipid produc-
tion, a key component in biodiesel, making biofuel pro-
duction more efficient and cost-effective.54

In the realm of industrial bioprocessing, CRISPR has 
facilitated the development of microbial strains with 
enhanced capabilities to break down complex carbo-
hydrates into bioethanol, a renewable energy source. 
This is particularly important in the production of cel-
lulosic ethanol, where CRISPR has helped overcome 
some of the enzymatic barriers to efficient biomass 
conversion.55

Moreover, CRISPR has been employed to increase 
the tolerance of these bioengineered microbes to harsh 
processing conditions, such as high temperatures and 
acidic environments, which are common in industrial 
settings. This not only improves the viability of 
microbial strains but also enhances their productivity 
and stability, leading to more robust bioprocessing 
workflows.56

These applications of CRISPR in biotechnology 
not only underscore its versatility but also highlight 
its potential to revolutionize industrial processes by 
making them more sustainable and less dependent 
on fossil fuels. The ongoing advancements in 
CRISPR technology promise further improvements 
in biofuel production and industrial bioprocessing, 
paving the way for more environmentally friendly 
and economically viable alternatives to traditional 

methods. The biotechnological applications of 
CRISPR, including biofuel production and industrial 
bioprocessing, also stand to benefit from scaling up. 
As research and adoption grow, the costs associated 
with gene editing in these industries are expected 
to decrease. Larger-scale production and improved 
techniques will make CRISPR-based solutions more 
economically viable, potentially transforming biofuel 
production and other industrial processes.57

Ethical, Legal, and Social Implications
Ethical Debates Surrounding Gene Editing
The ethical discussions surrounding gene editing, 
particularly with CRISPR technology, have intensified 
as the potential for creating “designer babies” and 
impacting biodiversity looms large.58 The concept of 
“designer babies” involves selecting genetic traits 
such as intelligence, physical appearance, or disease 
resistance, raising significant ethical concerns about 
inequality, eugenics, and human diversity.59 Critics ar-
gue that such practices might lead to societal divisions 
where genetically enhanced individuals could have 
unfair advantages or could lead to new forms of dis-
crimination.60

On the biodiversity front, gene editing offers tools 
such as gene drives, which could potentially eradicate 
vectors carrying diseases like malaria. However, the 
ecological consequences of removing an entire species 
are unpredictable and could lead to ecological imbal-
ances.61 This brings forth ethical considerations about 
human rights to alter ecosystems and the long-term im-
pacts on biodiversity.4

These ethical issues underscore the need for a cau-
tious approach, emphasizing that the power to edit 
genes comes with the responsibility to consider the 
far-reaching implications of such actions on human 
society and the natural world.62

Overview of the Legal Landscape: International 
Regulations and Country-Specific Laws
The regulatory framework governing gene editing is 
as diverse as the technology itself, reflecting varied 
international perspectives on its ethical and safety 
implications. Internationally, the World Health Orga-
nization (WHO) has issued guidelines emphasizing a 
responsible approach to human genome editing, call-
ing for transparency, inclusive public engagement, and 
a clear regulatory pathway before clinical applications 
are considered.63 These guidelines serve as a reference 
for countries developing their own regulations but do 
not enforce legal compliance.

In the United States, the National Institutes of Health 
(NIH) and the Food and Drug Administration (FDA) 
play critical roles in overseeing gene editing activities, 
focusing particularly on the safety and ethical impli-
cations of genetic research and therapy.64 The US reg-
ulatory approach is characterized by rigorous review 
processes that aim to balance innovation with public 
health safety.

Europe presents a more complex legal picture. The 
European Union’s highest court ruled in 2018 that 
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organisms obtained by gene editing are genetically 
modified organisms (GMOs) and should be regulated 
under the strict GMO directive, contrary to the more 
lenient stance taken on older genetic modification 
techniques.65 This has implications for both research 
and the commercial use of CRISPR and other gene edit-
ing technologies, potentially stifling innovation within 
EU borders.

Meanwhile, countries like China have been at the 
forefront of gene editing clinical trials, particularly 
in oncology and genetic disorders. However, follow-
ing international controversy, China has tightened its 
regulations, implementing stricter approval processes 
for genetic research to ensure ethical compliance and 
scientific integrity.66

This varied legal landscape illustrates the challeng-
es and complexities of governing a rapidly evolving 
scientific field. Each country’s legal framework reflects 
its cultural, ethical, and social priorities, which can ei-
ther foster rapid development and deployment of gene 
editing technologies or impose significant constraints 
that might slow progress.

Social Implications: Public Perception, Accessibility, 
and Potential Inequalities
The social dimensions of CRISPR and other gene ed-
iting technologies are as profound as their scientific 
possibilities. Public perception of gene editing varies 
widely, influenced by ethical concerns, media por-
trayal, and cultural values.67 Surveys have shown that 
while there is cautious optimism about the potential 
health benefits of gene editing, there is also significant 
apprehension about its ethical and safety implications, 
particularly regarding changes to human embryos and 
the potential for creating “designer babies.”68

Accessibility is another critical issue, as CRISPR 
technologies are not equally accessible across different 
regions of the world. Developed countries, possessing 
more advanced research infrastructures and funding, 
are more likely to benefit from these technologies 
sooner than developing countries.69 This discrepancy 
raises concerns about widening the global inequality 
gap in health outcomes and medical advancements.

Moreover, the cost of gene editing treatments poses 
potential barriers, potentially limiting access to afflu-
ent individuals and nations.70 Without strategies to 
make these therapies affordable, widespread adoption 
may be slow, and the promise of gene editing could 
exacerbate existing health disparities rather than alle-
viate them.

Finally, the dialogue around CRISPR in society also 
touches on potential impacts on biodiversity. The 
ability to genetically modify organisms quickly and 
efficiently has raised concerns about unforeseen eco-
logical consequences, such as gene drives designed to 
eradicate pests or alter ecosystems, which could have 
irreversible effects on biodiversity.71

These social implications underscore the need for 
inclusive policymaking that considers the broad spec-
trum of socioeconomic, cultural, and ethical dimen-
sions. Engaging diverse communities in the dialogue 

about gene editing technologies will be crucial in nav-
igating the complex landscape of opportunities and 
challenges they present.

Conclusion
The exploration of CRISPR and related gene editing 
technologies throughout this review has highlighted 
significant advancements and illuminated the com-
plex interplay of scientific innovation with ethical, 
legal, and social concerns. From enhancing agricul-
tural practices to treating genetic diseases and under-
standing the intricate legal frameworks that govern 
these technologies, the breadth of CRISPR’s impact is 
immense.

CRISPR’s evolution from a niche scientific tool to a 
mainstream technological marvel shows its potential 
to revolutionize multiple sectors. In agriculture, CRIS-
PR promises crops with improved yields, resistance, 
and nutritional values, potentially transforming food 
security dynamics globally. In the medical field, CRIS-
PR has opened doors to potentially curative treatments 
for diseases such as sickle cell and CF, showcasing its 
capacity to alter human health profoundly.

However, the journey of CRISPR from labs to re-
al-world applications is fraught with challenges. The 
ongoing debates surrounding the ethical implications 
of gene editing, particularly concerns about “designer 
babies” and irreversible ecological impacts, under-
score the need for cautious and responsible develop-
ment. Legal landscapes vary significantly across the 
globe, reflecting diverse societal values and raising 
questions about accessibility and inequality in the 
benefits of gene editing technologies.

Looking ahead, the economic scalability of CRISPR 
technology will be a key driver in its widespread adop-
tion across medicine, agriculture, and biotechnology. 
While the costs associated with CRISPR are currently 
high, advancements in technology, improved infra-
structure, and market demand are expected to bring 
down costs, making it economically feasible for large-
scale applications and potentially revolutionizing in-
dustries worldwide.

As we stand on the brink of possibly reshaping 
the genetic foundations of life, the future of CRISPR 
and gene editing technologies hinges on balancing 
innovation with responsibility. It is imperative that 
the development and implementation of these 
technologies are guided by robust ethical frameworks 
and inclusive policies that ensure equitable benefits. 
Moving forward, the dialogue between scientists, 
policymakers, and the public will be crucial in steering 
the responsible evolution of gene editing technologies, 
making the extraordinary promise of CRISPR accessible 
and beneficial for all.
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