Namirimu, 2025

International Digital Organization for Scientific Research IDOSRJAS 1020000
IDOSR JOURNAL OF APPLIED SCIENCES 10(2):53-58, 2025.
https://doi.org/10.59298/IDOSRJAS/2025/102.535

www.idosr.org

CRISPR-Based Gene Editing Approaches for Monogenic
Diabetes Therapy and Precision Medicine

Namirimu Sandrah

Department of Pharmacology and Toxicology Kampala International University Uganda
Email: sandrahnamirimu@studwec.kiu.ac.ug

ABSTRACT

Monogenic diabetes represents approximately 1-5% of all diabetes cases globally, with mutations in over 40 genes
causing various forms of maturity onset diabetes of the young (MODY) and neonatal diabetes mellitus. The
emergence of clustered regularly interspaced short palindromic repeats (CRISPR) technology has revolutionized
therapeutic approaches for genetic disorders, offering unprecedented precision in correcting disease-causing
mutations. This review examined the current state of CRISPR based gene editing applications for monogenic
diabetes, analyzing therapeutic strategies, molecular mechanisms, and clinical translation challenges. A
comprehensive literature search was conducted using PubMed and Web of Science databases from 2012-2025,
focusing on peer reviewed articles describing CRISPR applications in monogenic diabetes models and clinical
studies. Recent advances demonstrated successful correction of pathogenic variants in HNF 1A, HNF4A, INS, and
KCNIJ11 genes using base editing and prime editing technologies, with correction efficiencies ranging from 15-85%
in cellular models. Clinical applications showed promise for treating MODY subtypes, with patient derived induced
pluripotent stem cells (iPSCs) serving as valuable platforms for personalized therapy development. Current
limitations include delivery challenges, oft target effects, and regulatory considerations for germline editing.
CRISPR based approaches represent a paradigm shift toward precision medicine for monogenic diabetes, with base
editing and prime editing emerging as safer alternatives to traditional nuclease-based systems for therapeutic
applications.
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INTRODUCTION

Monogenic diabetes encompasses a heterogeneous group of inherited disorders caused by mutations in single genes
that regulate pancreatic beta cell function, insulin secretion, or glucose metabolism. Unlike polygenic type 1 and type
2 diabetes, monogenic forms result from highly penetrant mutations in genes such as HNF1A, HNF4A, GCK, INS,
and KCNIJ11, affecting approximately 1-5% of all diabetes cases worldwide [17]. The Global Burden of Disease
Study estimates that monogenic diabetes affects over 4 million individuals globally, with MODY representing the
most common form and accounting for 2-5% of pediatric diabetes cases [27]. Traditional management relies on
sulfonylureas, insulin therapy, or dietary modifications depending on the genetic subtype, but these approaches
address symptoms rather than underlying genetic defects.

The advent of CRISPR technology has transformed the therapeutic landscape for genetic disorders by enabling
precise correction of disease-causing mutations at the genomic level [37. Unlike conventional pharmacological
interventions, CRISPR based approaches target the root molecular cause of monogenic diabetes, offering potential
for definitive treatment or cure. Recent technological advances including base editing and prime editing have
enhanced the precision and safety profile of gene editing systems, making them increasingly viable for clinical
applications [4]. This review examines the current state of CRISPR based gene editing approaches for monogenic
diabetes therapy, analyzing molecular mechanisms underlying different editing strategies, therapeutic applications
across major monogenic diabetes subtypes, and challenges facing clinical translation. The analysis encompasses
recent advances in editing technologies, preclinical studies demonstrating therapeutic efficacy, and emerging clinical
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applications. Finally, this review discusses future directions for precision medicine approaches and provides
recommendations for advancing CRISPR based therapies toward clinical implementation.
CRISPR TECHNOLOGY AND MOLECULAR MECHANISMS

Core CRISPR Systems and Editing Modalities
The CRISPR-Cas9 system represents the foundation of modern gene editing technology, utilizing a guide RNA
(gRNA) to direct the Cas9 nuclease to specific genomic loci where it creates double strand breaks (DSBs) [57. For
monogenic diabetes applications, this system enables precise correction of pathogenic variants through homology
directed repair (HDR) when provided with appropriate donor templates. However, traditional CRISPR-Cas9 systems
face limitations including low HDR efficiency in post mitotic cells and potential for unwanted insertions or deletions
(indels) at target sites.
Base editing technologies have emerged as more precise alternatives for correcting point mutations commonly found
in monogenic diabetes genes [67]. Cytosine base editors (CBEs) and adenine base editors (ABEs) fuse catalytically
impaired Cas proteins with deaminase enzymes, enabling C—T or A—G transitions without creating DSBs. Prime
editing represents the most recent advancement, utilizing a prime editing guide RNA (pegRNA) and reverse
transcriptase to insert, delete, or replace nucleotides with remarkable precision [77. These systems achieve
correction efficiencies of 15-85% for monogenic diabetes mutations in cellular models, with prime editing
demonstrating particular promise for complex genetic corrections.
Target Gene Selection and Pathogenic Variant Correction
Monogenic diabetes genes present diverse correction challenges depending on mutation type and genomic context.
HNF 1A and HNF4A mutations, responsible for MODY 1 and MODY 3 respectively, often involve missense variants
amenable to base editing approaches [87. The INS gene presents unique challenges due to its compact structure and
critical regulatory elements, requiring precise editing strategies to avoid disrupting insulin expression patterns.
KCNJ11 mutations causing neonatal diabetes frequently involve gain of function variants where precise correction
can restore normal potassium channel activity and insulin secretion [97].
Recent studies demonstrate successful correction of pathogenic HNF 1A variants using ABE systems, achieving 45-
65% editing efficiency in patient derived fibroblasts [107]. Prime editing approaches have shown particular promise
for correcting complex INS gene mutations, including small insertions and deletions that cause permanent neonatal
diabetes. The versatility of prime editing enables correction of up to 89% of known pathogenic variants associated
with monogenic diabetes, representing a significant advancement over traditional HDR based approaches [117.

THERAPEUTIC APPLICATIONS ACROSS MONOGENIC DIABETES SUBTYPES
MODY Subtypes and Gene Correction Strategies
MODY represents the most common form of monogenic diabetes, with six major subtypes caused by mutations in
GCK, HNF 1A, HNF4A, HNF 1B, INS, and other genes [127]. Each subtype requires tailored gene editing approaches
based on the underlying molecular pathophysiology and mutation spectrum. MODY¢, caused by GCK mutations,
presents unique challenges as the gene encodes glucokinase, a key glucose sensor in pancreatic beta cells. Base editing
approaches have demonstrated successful correction of common GCK missense variants, with restored enzyme
activity observed in edited cell lines [137].
HNF 1A mutations causing MODY 8 represent particularly attractive targets for gene editing due to the gene's role
as a transcription factor regulating multiple aspects of beta cell function. Recent studies using patient derived iPSCs
demonstrate that CRISPR correction of HNF1A mutations restores normal glucose stimulated insulin secretion
and improves cellular metabolism profiles [147]. The correction efficiency ranges from 25-70% depending on the
specific mutation and editing strategy employed, with base editing generally achieving higher success rates than
traditional HDR approaches.
Neonatal Diabetes and Critical Gene Corrections
Neonatal diabetes mellitus, defined as diabetes diagnosed within the first six months of life, often results from
mutations in genes critical for pancreatic development or insulin secretion [157]. KCNJ11 and ABCC8 mutations
account for approximately 50% of permanent neonatal diabetes cases, causing defective ATP sensitive potassium
channel function in beta cells. These mutations represent ideal targets for precision gene editing as even partial
correction can significantly improve clinical outcomes.
Prime editing approaches have achieved remarkable success in correcting KCNJ11 mutations, with studies
demonstrating restoration of normal channel function in 85-80% of edited cells [167]. The precision of prime
editing eliminates concerns about creating unwanted mutations in the highly conserved potassium channel domains.
Clinical applications of these approaches show particular promise as many neonatal diabetes patients can transition
from insulin therapy to oral sulfonylureas following successful gene correction.
Syndromic Forms and Complex Genetic Corrections
Syndromic forms of monogenic diabetes, including Wolfram syndrome and thiamine responsive megaloblastic
anemia, present additional complexity due to multi organ involvement and large gene targets [17]. These conditions
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require sophisticated editing strategies that can address multiple pathogenic variants simultaneously while
preserving normal gene function across diverse tissue types.
Recent advances in multiplex editing approaches enable simultaneous correction of multiple mutations within single
genes or correction of mutations across multiple genes involved in syndromic diabetes [187. Base editing systems
have shown particular promise for correcting nonsense mutations in WFS1 that cause Wolfram syndrome, with
successful restoration of protein function observed in neural and pancreatic cell models. The development of tissue
specific delivery systems enhances the therapeutic potential of these approaches by enabling targeted correction in
affected organs while minimizing oft target effects.
DELIVERY SYSTEMS AND THERAPEUTIC IMPLEMENTATION
Viral Vector Platforms and Tissue Targeting
Successtul clinical implementation of CRISPR based therapies requires efficient delivery systems that can transport
editing components to pancreatic beta cells while minimizing systemic exposure [197]. Adeno associated virus (AAV)
vectors represent the most advanced delivery platform for gene editing applications, with several serotypes
demonstrating preferential tropism for pancreatic tissue. AAV-DJ and AAV-8 vectors achieve pancreatic transduction
efficiencies of 15-40% in preclinical models, sufficient for therapeutic benefit in monogenic diabetes applications
20 |.
IEJipigl nanoparticles (LNPs) offer alternative delivery mechanisms with reduced immunogenicity compared to viral
vectors. Recent formulations achieve targeted delivery to pancreatic islets with editing efficiencies comparable to
AAYV systems. The development of beta cell specific promoters enhances the precision of gene editing by restricting
expression to target cell populations, reducing potential off target effects in other tissues [217].
In Vivo Versus Ex Vivo Correction Strategies
Clinical implementation strategies for monogenic diabetes gene editing encompass both direct in vivo correction and
ex vivo cell therapy approaches [227]. In vivo strategies involve systemic or targeted delivery of editing components
directly to patients, offering the advantage of correcting endogenous beta cells without requiring cell replacement.
However, these approaches face challenges including delivery efficiency, immune responses to editing components,
and difficulty in achieving uniform correction across the pancreatic islet population.
Ex vivo approaches involve isolating patient cells, performing gene correction in laboratory conditions, and
transplanting corrected cells back to patients [237]. These strategies offer superior control over editing conditions
and enable extensive safety screening before transplantation. Patient derived iPSCs represent particularly attractive
starting materials as they can be differentiated into functional beta cells following gene correction, providing an
unlimited source of corrected cells for transplantation.
SAFETY CONSIDERATIONS AND OFF TARGET ANALYSIS
Genomic Safety Assessment Protocols
The clinical translation of CRISPR based therapies requires comprehensive safety assessment protocols to identify
and mitigate potential off target effects [247]. Whole genome sequencing approaches enable detection of unintended
edits throughout the genome, while targeted amplicon sequencing focuses on predicted off target sites based on
guide RNA similarity. Recent studies of base editing applications in monogenic diabetes models demonstrate low
rates of off target editing, typically less than 0.1% at predicted sites, with prime editing showing even greater
specificity.
Advanced computational tools for guide RNA design minimize off target risks by predicting potential binding sites
and optimizing specificity. Machine learning approaches integrate multiple factors including chromatin accessibility,
local sequence context, and epigenetic modifications to enhance prediction accuracy [257. These tools enable
selection of highly specific guide RNAs that achieve therapeutic correction rates while maintaining genomic safety
profiles suitable for clinical applications.
Immunological Responses and Long Term Safety
CRISPR based therapeutics present unique immunological considerations including responses to Cas proteins, guide
RNAs, and delivery vectors. Preexisting immunity to Cas proteins exists in significant portions of the population
due to prior bacterial exposure, potentially limiting therapeutic efficacy or causing adverse reactions. Recent studies
indicate that 10-20% of individuals harbor neutralizing antibodies against commonly used Cas9 proteins,
necessitating screening protocols and alternative Cas variants for affected patients [67].
Long term safety monitoring requires assessment of both intended and unintended consequences of gene editing.
Edited cells must be monitored for malignant transformation, particularly when using systems that create DSBs or
integrate foreign DNA sequences. Base editing and prime editing approaches minimize these risks by avoiding DSB
creation and foreign DNA integration, respectively. Clinical protocols incorporate extended follow up periods of 5-
15 years to assess long term safety outcomes and therapeutic durability.
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CLINICAL TRANSLATION AND REGULATORY CONSIDERATIONS
Current Clinical Trials and Development Pipeline
The clinical translation of CRISPR based monogenic diabetes therapies has progressed through preclinical
validation toward early phase human trials [77]. Current clinical development focuses primarily on ex vivo correction
approaches using patient derived cell types, with several programs targeting MODY subtypes and neonatal diabetes
applications. Phase I trials investigating iPSC derived beta cell therapies with integrated gene correction are
expected to initiate within the next 2-3 years, representing significant milestones for the field.
Regulatory agencies including the FDA and EMA have established frameworks for evaluating gene editing
therapeutics, with particular attention to safety assessment protocols and long term monitoring requirements. The
regulatory pathway for monogenic diabetes applications benefits from precedents established by other genetic
disease programs, including approved therapies for sickle cell disease and beta thalassemia. However, pancreatic
applications present unique challenges related to delivery, monitoring, and potential for systemic effects requiring
specialized regulatory considerations.
Manufacturing and Quality Control Standards
Clinical implementation of CRISPR based therapies requires robust manufacturing processes that ensure consistent
product quality and safety [147]. Good manufacturing practice (GMP) protocols for gene editing therapeutics
encompass raw material sourcing, editing component production, quality control testing, and final product
formulation. The complexity of these processes presents significant cost considerations, with current estimates
suggesting treatment costs of $200,000-500,000 per patient for personalized gene editing approaches.
Quality control standards for gene edited cell products include comprehensive characterization of editing efficiency,
off target analysis, cell viability assessment, and functional validation of corrected cells. Advanced analytical
methods including single cell sequencing and functional genomics approaches enable detailed product
characterization supporting regulatory approval and clinical safety. The development of standardized protocols
across manufacturing facilities enhances reproducibility and reduces development costs for multiple therapeutic
programs.
FUTURE DIRECTIONS AND EMERGING TECHNOLOGIES
Next Generation Editing Systems
The rapid evolution of gene editing technologies continues to expand therapeutic possibilities for monogenic
diabetes applications. Emerging systems including miniaturized Cas proteins, RNA guided epigenome editing, and
programmable recombinases offer enhanced precision and reduced immunogenicity compared to current platforms
[117. Cas variants such as CasX and Cas14 provide compact alternatives suitable for AAV delivery while maintaining
high editing specificity for therapeutic applications.
Epigenome editing approaches represent paradigm shifts toward reversible gene regulation rather than permanent
genetic modification. These systems can modulate gene expression levels without altering DNA sequences, offering
therapeutic options for gain of function mutations or dosage sensitive genes involved in monogenic diabetes. Recent
studies demonstrate successful restoration of insulin gene expression in diabetes models using catalytically dead
Cas proteins fused to transcriptional activators, achieving therapeutic benefit without permanent genetic changes
[187.
Integration with Precision Medicine Frameworks
The future of monogenic diabetes therapy lies in integrating gene editing approaches with comprehensive precision
medicine frameworks that incorporate genetic testing, biomarker assessment, and personalized treatment selection
[47]. Pharmacogenomic considerations become increasingly important as gene editing may alter drug metabolism
pathways or change therapeutic responses to conventional diabetes medications. Patient stratification based on
genetic subtypes, mutation severity, and individual risk factors enables optimized treatment selection and improved
clinical outcomes.
Artificial intelligence and machine learning approaches enhance precision medicine applications by predicting
editing outcomes, optimizing guide RNA design, and identifying patients most likely to benefit from specific
therapeutic interventions. These technologies enable real time adaptation of treatment protocols based on patient
responses and emerging clinical data, representing significant advances over conventional one size fits all therapeutic
approaches [27].
CONCLUSION
CRISPR based gene editing represents a transformative approach for treating monogenic diabetes, offering
unprecedented precision in correcting disease causing genetic variants. Recent technological advances including base
editing and prime editing have overcome many limitations of traditional gene editing systems, achieving correction
efficiencies of 15-85% for common monogenic diabetes mutations while maintaining favorable safety profiles.
Clinical applications demonstrate particular promise for MODY subtypes and neonatal diabetes, with patient derived
iPSC platforms serving as valuable tools for personalized therapy development. Current challenges facing clinical
translation include delivery system optimization, comprehensive safety assessment protocols, and regulatory

56


http://www.idosr.org/

www.ldosr.org Namirimu, 2025
framework development for pancreatic gene editing applications. Manufacturing considerations and cost
effectiveness analyses remain important factors influencing widespread clinical adoption. However, ongoing
technological advances and expanding clinical experience with gene editing therapeutics in other genetic diseases
provide strong foundations for successful translation of monogenic diabetes applications. The integration of
CRISPR technologies with precision medicine frameworks represents the future direction for monogenic diabetes
therapy, enabling personalized treatment selection based on genetic subtypes, mutation characteristics, and
individual patient factors. Emerging editing systems including epigenome editing and miniaturized Cas proteins
offer additional therapeutic modalities that may expand treatment options while reducing safety concerns associated
with permanent genetic modifications. Researchers should prioritize development of standardized protocols for
safety assessment and manufacturing quality control to accelerate clinical translation of these promising therapeutic
approaches.
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