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Abstract

Genome editing technologies, particularly CRISPR-Cas, have revolutionized biomedical research and offer
transformative potential in various fields. This review provides an in-depth exploration of the historical
context, current applications, and societal implications of genome editing. The introduction of CRISPR-
Cas in 2012 represented a major leap forward, simplifying and improving the accuracy of gene editing
compared to older tools such as zinc-finger nucleases and transcription activator-like effector nucleases.
This simplicity has hastened the uptake of genome editing technologies in both research and clinical
environments, allowing researchers to delve deeper into gene function and disease mechanisms. CRISPR-
Cas holds promise for treating genetic disorders like cystic fibrosis and sickle cell anemia, potentially
providing more effective and less invasive therapies than conventional approaches. Despite the promise
of genome editing in biomedical research and therapy, ethical, legal, and social considerations abound.
The ability to edit the human germline raises ethical questions about the potential for designer babies
and genetic enhancement. Ensuring equitable access to these technologies and preventing unintended
consequences are paramount. Strong regulatory frameworks and policies are necessary to guide the
safe, efficient, and ethical application of genome editing technologies. Global collaboration and ongoing
dialogue among scientists, policymakers, and the public are essential for addressing these challenges.
Societal perspectives play a crucial role in shaping policies and regulations to ensure that genome editing
is used responsibly and ethically. In agriculture, genome editing offers solutions to challenges posed by
climate change and microbial pathogens.

Gene editing in crops can improve resilience to environmental stressors and enhance nutritional
value, contributing to food security and sustainability. Ethical considerations around genome editing,
particularly in human germline editing for biomedical enhancement, raise complex issues. Dialogue
and consensus building are essential to navigate these challenges and ensure that genome editing is
used for the benefit of society as a whole. Taken together, genome editing holds immense promise for
addressing global health and agricultural challenges. However, its responsible implementation requires
careful consideration of ethical, legal, and societal implications, underscoring the need for collaborative
governance frame works to guide its ethical and equitable application.

Introduction

Genome editing technologies, once nascentin the 1990s, have recently surged in popularity,
largely due to the introduction of CRISPR-Cas tools in 2012 [1,2]. This technology has been
transformative, with profound implications for both science and society [3,4]. Its simplicity
compared to earlier tools like zinc-finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENSs) has led to its rapid adoption and consideration for a variety of
uses [5,6]. The precision of CRISPR-Cas in modifying genes has revolutionized biomedical
research, accelerating our understanding of gene function and disease mechanisms [7,8].
This innovation offers promising ways to treat genetic diseases like cystic fibrosis and sickle
cell anemia, potentially with greater effectiveness, and fewer side effects than traditional
treatments [9,10]. While genome editing holds promise as a transformative therapy for
patients, it is still in its early stages. These advancements also bring up ethical, legal and social
considerations [11,12]. Concerns include the ethics of editing the human germline, ensuring
fair access to these technologies, and preventing unintended consequences [13]. The fast
development of genome editing highlights the necessity for strong regulatory frame works

Integrative Journal of Conference Proceedings 1


http://dx.doi.org/10.31031/ICP.2024.03.000575
https://crimsonpublishers.com/icp/

ICP.MS.ID.000575. 3(5).2024

and policies to guarantee its safe, efficient and ethical application
[14]. Meeting these challenges necessitates global collaboration
and continuous conversation among scientists, policy makers and
the public [15,16]. As a result, the legal and ethical frameworks
surrounding genome editing have yet to be comprehensively
addressed and will become more critical as the technology
progresses towards more controversial areas such as germline
modification [17-19]. By approaching these issues from a societal
viewpoint, we can navigate the intricacies of genome editing to
guarantee that its advantages are ethically and fairly realized,
ultimately shaping a more sustainable and equitable future [20].

Examining the changing role of genome editing through a
societal lens is critical for several reasons. First, technologies
like CRISPR-Cas9 have the potential to transform fields such as
medicine, agriculture and biotechnology, offering new possibilities
for treating genetic diseases, improving crop yields and developing
novel biofuels, among other applications [21-23]. Understanding
the societal impacts of these technologies is crucial for ensuring
their responsible development and utilization. Second, genome
editing raises ethical, legal and social implications(ELSI) that need
to be addressed [24,25]. These concerns encompass the precise
delivery to target cells, the effectiveness and accuracy of the editing
process and the various methods of making DNA alterations, all of
which pose significant bioethical challenges [26,27]. Nevertheless,
the importance of genome editing technologies in medicine remains
undeniable, despite the potential for unintended consequences
such as off-target effects, and the ethical issues related to editing
the human germline [28,29]. By considering these issues from a
societal standpoint, we can shape policy and regulatory frameworks
to guide the responsible advancement and application of genome
editing [13-15].

Lastly, societal perspectives can help uncover and address
public attitudes, values and preferences regarding genome editing
[30]. Public engagement and dialogue are essential for building
trust and ensuring that the benefits and risks of these technologies
are well-understood and balanced appropriately [31]. Overall,
exploring the evolving role of genome editing from a societal
perspective is essential for fostering responsible innovation,
addressing ELSI concerns and ensuring that these technologies
benefit society as a whole [24,25]. Following this brief introduction,
the remainder of the review will delve into the historical context of
genome editing, its current applications and the societal impact of
genome editing, along with a detailed examination of the regulatory
landscape. These topics will be discussed in separate sections as
the article progresses towards its conclusion.

From sequencing to editing: The evolution of genome
technology

Our understanding of the human genome has undergone a
profound evolution since the landmark sequencing efforts of 2003
[32]. The completion of the final, comprehensive human genome
sequence, published across six papers in the April 1, 2022, issue
of “Science,” marked a pivotal moment in biotechnology [33].
This achievement not only signifies our ability to decode the
intricate blueprint of human life but also represents a critical leap

forward in our capacity to manipulate this genetic code through
gene editing technologies. The release of the complete human
genome sequence has ushered in a new era of biotechnological
possibilities, enabling researchers to explore and potentially
modify the genetic underpinnings of life with unprecedented
precision. This milestone underscores the transformative power
of genomics in shaping the future of medicine, agriculture and
beyond [34,35]. Over the past three decades, genome-editing
strategies have undergone significant evolution. Currently, four
types of “programmable” nucleases are utilized worldwide, each
with distinct characteristics and applications [36]. Mega nucleases,
for example, are endonucleases that can recognize large DNA
target sites spanning 12 to 45 base pairs [37,38]. Zinc finger
nucleases, on the other hand, are artificial restriction enzymes
created by fusing a zinc finger DNA-binding domain with a DNA-
cleavage domain, providing a high degree of specificity in targeting
[39,40]. Transcription activator-like effector nucleases(TALEN)
are engineered restriction enzymes that offer precise editing
capabilities [41,42]. The clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) system, perhaps the most well-known, allows for highly
efficient and versatile genome editing by utilizing RNA-guided Cas9
nucleases to target specific DNA sequences [42-44]. Each of these
technologies has its unique advantages and limitations, shaping the
landscape of genome editing applications across various fields such
as medicine, agriculture and biotechnology [45-47].

Gene editing is a potent instrument, especially advantageous
when aimed at deleterious genes that present health hazards to
organisms like humans, animals, or plants and their progeny [48].
In agriculture, gene editing facilitates the creation of crops that
resist pests and diseases, thereby bolstering food security and
diminishing dependency on chemical pesticides [49]. Additionally,
gene editing shows potential in tackling food allergens, potentially
eradicating risks linked to allergic responses [50]. In healthcare,
gene editing has the potential to revolutionize the treatment of
geneticdisorders. Monogenic disorders, such as Duchenne Muscular
Dystrophy (DMD), which affects approximately one in 3,500 young
boys and often leads to early death, could benefit significantly
from gene editing [51-53]. By targeting and correcting disease-
causing mutations, gene editing offers hope for more effective
treatments and, potentially, cures for such devastating conditions.
Furthermore, the adaptability of gene editing technologies, such
as CRISPR-Cas9, enables the precise and effective alteration of
genetic material. For instance, CRISPR-Cas9 has been employed in
numerous research endeavors to modify genes linked to ailments
such as cancer and genetic disorders, showcasing its promise in
targeted gene therapy [54-56]. This accuracy heralds fresh avenues
for personalized medicine, wherein therapies can be customized to
suit individual genetic compositions, thus optimizing effectiveness
and minimizing adverse effects [57].

Human genome editing technologies have the potential to
target different types of cells, each with its own implications and
applications [58-60]. Somatic cell editing targets non-reproductive
cells and is non-heritable, meaning any changes made will not be
passed on to future generations [61]. This approach holds promise
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for treating diseases by directly addressing the genetic causes
within an individual’s body, potentially curing or slowing down
the spread of diseases. Germ line cell editing, on the other hand,
can be divided into two categories: Editing of germ line cells not
intended for reproduction and editing of germ line cells intended
for reproduction [62]. Editing germ line cells not intended for
reproduction can have therapeutic benefits by correcting genetic
abnormalities that may affect an individual’s health but will not
be passed on to their offspring [63,64]. For example, studies have
demonstrated that engineered nucleases, particularly CRISPR/
Cas9, can be readily employed to edit genes in mammalian embryos,
including those of mice, rats and even monkeys [65].

Current applications of genome editing: Advancements
and implications

This section of the article offers a comprehensive examination
of the cutting-edge advancements in genome editing technologies,
exploring their multifaceted applications. It illuminates the diverse
array of disciplines benefiting from these technologies, ranging from
the medical realm, where they are revolutionizing the treatment of
genetic disorders, to agriculture, where they are driving innovation
in crop improvement. Additionally, the section explores the
burgeoning impact of genome editing in biotechnology, showcasing
its potential to reshape industries and address pressing global
challenges. For example, in the medical field, sickle-cell disease
(SCD) is a common inherited blood disorder that affects more
than 6 million people worldwide, with about 75 percent of cases
occurring in sub-Saharan Africa, where childhood mortality rates
are high [66]. Recent clinical trials are exploring the potential of
CRISPR/Cas9 gene editing as a treatment for SCD and transfusion-
dependent f3-thalassemia (TDT) [67,68]. One such trial involved
the use of CTX001, CRISPR/Cas9-edited CD34+ hematopoietic stem
and progenitor cells (HSPCs), in two patients, one with TDT and
the other with SCD [69]. The trial demonstrated early, significant
and sustained increases in fetal hemoglobin levels, with more than
99 percent pan cellularity during a 12-month observational period.
This suggests that the CRISPR-Cas9-edited HSPCs successfully
engrafted and maintained adequate levels of fetal hemoglobin,
highlighting the potential of CRISPR/Cas9 gene editing as a
promising therapeutic approach for these inherited diseases.

Moreover, tumor evolution involves genetic mutations in genes
like proto-oncogenes and tumor suppressor genes, which can be
identified through genome sequencing technology [70]. These
mutations serve as targets for the CRISPR/Cas9 system, forming the
basis for CRISPR/Cas9-based clinical trials aimed at suppressing
tumor metastasis in humans [71]. Furthermore, to address the
limited application of patient-specific autologous CAR-T (chimeric
antigen receptor T cells) cell therapy for treating cancer in a larger
population, researchers have developed allogeneic universal
CAR-T cells [72,73]. These cells are designed to be a one-size-fits-
all solution, where the donor T lymphocytes undergo gene editing
to eradicate their T cell receptor (TCR) and human leukocyte
antigen (HLA). This modification reduces the risk of graft-versus-
host disease (GVHD) by preventing the donor’s CAR-T cells from
reacting against the recipient’s tissues. Instead, these engineered
CAR-T cells can efficiently target and attack cancer cells, enhancing

the effectiveness of the treatment [74]. While genome editing of
disease-causing genes in non-reproductive somatic cells to treat
human illnesses is widely accepted in the medical field, human
heritable germ line genome editing (GGE) presents significant
ethical, legal and social concerns [75]. These concerns have
sparked intense debates and controversies, particularly in regions
lacking clear regulatory frameworks, following the controversial
case of the first “gene-edited babies.” In this incident, researchers
utilized in vitro fertilization (IVF) to edit the genomes of embryos
using CRISPR/Cas9, targeting the CCR5 (C-C chemokine receptor
type 5) gene to confer resistance to HIV [76]. The incident has
prompted discussions about the ethical implications of using
human GGE as a routine medical intervention in the future, with
varying perspectives on its appropriateness and potential risks. In
biotechnology and agriculture, the application of genome editing
is crucial, especially in the face of challenges posed by climate
change and microbial pathogens to agricultural systems, food
security and human nutrition [77,78]. To combat these challenges,
significant efforts have been directed towards gene editing in crops
and livestock to improve their performance in traits essential for
adapting to climate change. Successful applications of gene editing
include using CRISPR/Cas9 to knockout OsRR22, a gene linked
to salt susceptibility in rice [79]. Additionally, CRISPR/Cas9 has
been used to modify flowering-related genes like Hd2, 4, and 5 in
rice, resulting in plants that flower earlier, enhancing their ability
to thrive in regions with long day lengths and cool temperatures,
such as those at northern latitudes [80]. Another strategy involves
inserting an alternative maize promoter before the ARGOS8 gene
to enhance drought resistance in plants. Furthermore, CRISPR/
Cas9 has been employed to knockout OsSWEET13 in rice, a gene
responsible for encoding sucrose transporters that pathogens
exploit for pathogenesis, leading to improved disease resistance
[81,82]. Similarly, deleting the elF4e (Eukaryotic translation
initiation factor 4E) gene in cucumber using CRISPR/Cas9 has
proven effective in preventing viral infections [83,84]. These
examples underscore the potential of genome editing technologies
in bolstering agricultural resilience to climate change and
combating microbial pathogens, thereby contributing significantly
to global food security and nutrition [85].

Societal implications of genome editing: Ethical
considerations and cultural perspectives

The most compelling argument in support of the clinical
application of human germ line genome editing is its potential to
help parents with severe genetic diseases avoid passing them on to
their children [86]. This technology also holds promise for reducing
the risk of common diseases like cancer, diabetes, heart disease
and multiple sclerosis [87]. Additionally, genome editing could be
used for biomedical enhancement, such as introducing rare genetic
features to enhance human capabilities, including extended lifespan,
improved intelligence quotient and increased endurance [88].
However, biomedical enhancement involves making multiple edits,
altering native gene expression and in many cases, replacing pieces
of native DNA with synthetic DNA, which is currently not technically
feasible in human embryos [89]. Biomedical enhancement presents
ethical challenges distinct from those of repairing disease-causing
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mutations in somatic or reproductive cells and requires careful
consideration by society. Professional organizations, ethics boards
and advisory panels, including the United States national academies
of sciences, engineering, and medicine, support the therapeutic
use of genome editing but oppose enhancement [89]. Moreover,
enhancing complex traits like intelligence through genome editing
is technically challenging, as intelligence is influenced by a large
number of networked genes. This complexity increases the risk of
“off-target” effects of gene editing systems [29].

For example, editing the normal CCR5 gene to confer immunity
to HIV infection could potentially impact cognitive traits and
psychosocial makeup, as CCR5 is known to play a role in cognitive
functions such as memory [90]. Furthermore, any error in germ
line genome editing to correct disease-causing genes or variants
could have severe negative implications for future individuals.
The consequences of genetic mosaicism, where cells within the
same person have different genetic compositions, resulting from
germ line genome editing, are difficult to predict and could pose
significantrisks [91,92]. GGE, particularly when aimed at biomedical
enhancement, reignites the moral debate surrounding human
genome editing, which has its roots in the eugenics movement
of the 1950s [93,94]. This movement suggested that desirable
genetic traits were not limited to specific races, ethnicities, or social
classes but could be found across all groups. It advocated for the
improvement of the human species by promoting reproduction
among individuals with favorable traits and limiting reproduction
among those with less desirable qualities. This perspective
supports the idea of polygenic enhancements as the blueprint for
human personalities and traits [95].

The debate over the permissibility of GGE to introduce new traits
into embryos using synthetic DNA, which they would not naturally
carry, remains unresolved. In contrast, correcting a mutated allele to
a healthy “wild type” version, a process that occurs naturally in the
human population, seems more logistically feasible and ethically
appropriate [89]. Furthermore, the distinction between somatic
and germ line gene editing has led to the emergence of bioethicists,
who emphasize four critical public values: Beneficence (benefiting
others), nonmaleficence (avoiding harm), respect for autonomy
and justice [96]. According to Theodore Friedmann, a pioneer
in somatic gene therapy, the need for efficient disease control or
prevention, particularly in early development or inaccessible
cells, may eventually justify germ line therapy [97]. For example,
editing the somatic cells in a person’s brain may be challenging
due to the inaccessibility of brain cells. In contrast, modifying an
embryo to have a genetically modified, disease-free brain would
be more feasible [98]. Thus, bioethics values such as beneficence
and nonmaleficence equally support both somatic modification
to correct genetic diseases and germ line intervention to prevent
them.

The evolving regulatory landscape: Navigating the
complexities of genome editing

Implementing genome-editing technology in humans poses
significant ethical challenges, considering various considerations
such as pragmatic, sociopolitical and categorical issues. Pragmatic

considerations focus on the medico-technological aspects, including
safety, efficacy, risk-benefit ratio and alternative interventions.
Sociopolitical aspects address the societal impact, aiming to reduce
health interventional inequalities and address power asymmetries.
Categorical considerations highlight barriers to certain aspects of
technology implementation [11,12,17,18]. For instance, obtaining
consent to modify human nature through genome editing may be
challenging, regardless of technological advancements or changing
sociopolitical conditions [99]. Therefore, policies regarding the
use of genome editing should be guided by identifiable public
interests, subjected to critical examination and achieve consensus
democratically through broad and inclusive societal debate. One
of the main societal concerns surrounding human gene editing,
in addition to the safety of genomic changes, is the potential
for increased disease burden among the population, especially
affecting the economically, disadvantaged due to the high costs
involved. This disparity raises fears that only the wealthy will have
access to genome editing, leading to concerns that germ line editing
could create a class of genetically privileged individuals. There is
also uncertainty about whether health insurance companies would
cover the costs of gene editing treatments, which could affect a
broader segment of society [100,101].

The Nuffield report highlights two key principles for the use of
germ line gene editing: protecting the welfare of future individuals
and promoting social justice and solidarity [13]. Because germ line
gene editing impacts future generations, there is a moral obligation
to protect those not yet born. Social justice aims to ensure an
equitable distribution of health interventions so that socially
disadvantaged groups do not receive an unfair share of health
benefits. Solidarity recognizes that society as a whole benefits
when all individuals thrive [102]. Additionally, global perspectives
on creating and altering life vary widely. Some countries’ views are
deeply influenced by their histories and religious traditions, with
human control over genetics being a contentious issue. Despite
its association with eugenics, the profound impact of genetics on
lives can generate skepticism among many in society. As a result,
the use of gene editing is likely to proceed at varying rates among
countries, depending on their cultural and regulatory frameworks
[11-15]. Additionally, germ line gene editing might contribute to a
rise in medical tourism, where individuals seek more cost-effective
treatment in countries with less stringent regulations [103].
Nonetheless, this trend could pose health hazards if treatments
are offered prematurely and irresponsibly. Reproductive travel
also raises concerns about legal obligations, such as liability for
reproductive procedures performed in other countries in the event
of complications [99].

The challenges are particularly evident in the context of
biomedical enhancement through germ line gene editing,
which necessitates strict regulatory supervision in the assisted
reproductive technology (ART) clinics of the destination country
to mitigate the heightened risk of adverse effects associated with
polygenic interventions required for enhancements [100]. It is
crucial that humanitarian considerations rather than market
pressures guide decisions regarding the utilization of advanced
technologies like human genome editing.
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Conclusion and Future Direction

Despite the multitude of challenges and considerations
associated with implementing genome editing technology for the
human population, along with speculation regarding its potential
as a mainstream health intervention, its successful implementation
could have significant impacts on society. These impacts include:
Population diversity- genome editing could potentially reduce or
even eliminate some serious inherited diseases from a population;
Perceptions of reproductive choices - Individuals initially hesitant
to use genome editing may reconsider their reproductive options
based on their expectations for their future children, leading to
behavioral shifts; Attitudes towards disabled people - Techniques
like pre-implantation genetic diagnosis (PGD), which provide
information about genetic disorders to help with the selection of
embryos or termination of pregnancies, can potentially impact the
perception and treatment of disabled individuals in society [101-
102].

Genome editing has experienced remarkable growth in recent
years, holding significant promise for various medical applications
such as cancer immunotherapy, infectious disease prevention and
the treatment of hematological, metabolic, neurodegenerative
and ocular disorders. The advent of different genome editing
nucleases has revolutionized genomic engineering, enabling easy
manipulation of the mammalian genome. However, despite the
initial excitement surrounding CRISPR/Cas9 as a powerful gene
editing tool, our understanding of its off-target effects remains
limited, warranting further investigation. Another critical question
is whether the body’s immune system will accept or reject foreign
genetic elements introduced during editing.

To fully realize the benefits of gene-editing technology, it
requires support from governments, stakeholders, scientists, and
physicians. This support is crucial for advancing healthcare and
addressing challenges such as improving crop yields, enhancing
nutritional values and combating food production losses due to
climate change. These efforts align with Sustainable Development
Goals (SDGs) aimed at reducing poverty (SDG1), improving human
health (SDG3), increasing crop yield, enhancing nutrition (SDG2),
and promoting sustainability, with a target achievement date of
2030[103].

Moreover, there is a need for uniform international governance
of genome editing to minimize the risk of misuse, especially in
regions with limited regulatory oversight. A unified governance
framework, led by the World Health Organization, can help harness
the full potential of genome editing for the benefit of global society.
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