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ABSTRACT 

Monogenic diabetes mellitus comprised a heterogeneous group of disorders caused by single-gene mutations 

affecting pancreatic β-cell function or insulin action, accounting for approximately 1--2% of all diabetes cases yet 
frequently misdiagnosed as type 1 or type 2 diabetes. The advent of CRISPR-Cas9 gene editing technology had 
introduced unprecedented opportunities for definitive genetic correction of these conditions. This narrative review 
critically examined the therapeutic potential and translational challenges of CRISPR-Cas9 applications in 
monogenic diabetes. A comprehensive literature search was conducted using PubMed, Embase, and Web of Science 
databases (2015--2025) with terms including "CRISPR," "gene editing," "monogenic diabetes," "MODY," and 
"neonatal diabetes." Principal findings reveal that CRISPR-Cas9 has demonstrated remarkable efficacy in correcting 
pathogenic mutations in patient-derived induced pluripotent stem cells and animal models of monogenic diabetes, 
with successful restoration of glucose-stimulated insulin secretion and normoglycemia. However, substantial 
barriers persisted including off-target mutagenesis, delivery vehicle limitations, immunogenicity concerns, and 
regulatory complexities that collectively impeded clinical translation. Emerging base editing and prime editing 
technologies offered enhanced precision with reduced double-strand breaks, potentially mitigating safety concerns. 
The evidence supported cautious optimism that CRISPR-based therapeutics may eventually provide curative 
interventions for monogenic diabetes, contingent upon resolution of safety, delivery, and ethical challenges through 
rigorous preclinical validation and carefully designed clinical trials. 
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INTRODUCTION 

Monogenic diabetes encompasses a clinically and genetically diverse array of disorders resulting from single-gene 

defects that disrupt pancreatic β-cell development, function, or insulin signaling pathways [1,2]. Unlike the 
polygenic architecture underlying type 1 and type 2 diabetes, monogenic forms follow Mendelian inheritance 
patterns and collectively affect an estimated 1-2% of all diabetes patients [3], translating to approximately 10 
million individuals globally [4]. Maturity-onset diabetes of the young (MODY), the most prevalent subtype, 
accounts for approximately 70% of monogenic diabetes cases [5] and is characterized by autosomal dominant 

inheritance, early-onset hyperglycemia, and preserved β-cell function in most subtypes [6]. Neonatal diabetes, 
presenting within the first six months of life, represents the severe end of the spectrum and results from mutations 

in genes critical for insulin secretion or β-cell survival [7]. Despite their genetic tractability, monogenic diabetes 
subtypes remain substantially underdiagnosed, with misclassification rates exceeding 80% in some cohorts [8], 
leading to suboptimal treatment and missed opportunities for personalized therapeutic interventions [9]. 
The emergence of clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated 
protein 9 (Cas9) gene editing technology has revolutionized the landscape of precision medicine, offering the 
theoretical possibility of permanent genetic correction at the causative locus [10]. Since its adaptation for 
mammalian genome editing in 2013, CRISPR-Cas9 has demonstrated unprecedented efficiency, specificity, and 
versatility in modifying disease-associated genes [11]. The objective of this review is to critically evaluate the 
current state of CRISPR-Cas9 gene editing applications in monogenic diabetes, examining molecular mechanisms, 
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preclinical evidence, therapeutic potential, translational challenges, and future research priorities necessary for 
clinical implementation. 

METHODOLOGY 
A comprehensive narrative review methodology was employed to synthesize current evidence on CRISPR-Cas9 
applications in monogenic diabetes. Electronic databases including PubMed/Medline, Embase, and Web of Science 
were systematically searched from January 2015 to March 2025 using Boolean combinations of search terms: 
("CRISPR" OR "Cas9" OR "gene editing" OR "genome editing") AND ("monogenic diabetes" OR "MODY" OR 
"maturity-onset diabetes of the young" OR "neonatal diabetes" OR "HNF1A" OR "HNF4A" OR "GCK" OR 
"KCNJ11" OR "INS gene"). Inclusion criteria prioritized peer-reviewed original research articles, systematic 
reviews, and meta-analyses describing CRISPR-Cas9 editing in monogenic diabetes-associated genes, mechanistic 
studies in patient-derived cells or animal models, and clinical translation efforts. Exclusion criteria eliminated studies 
focusing solely on polygenic diabetes, non-CRISPR gene therapy approaches, and non-English publications. 
Additional relevant studies were identified through manual screening of reference lists from key articles. Evidence 
synthesis prioritized critical appraisal of study design quality, reproducibility, translational potential, and 
identification of knowledge gaps requiring further investigation. 
 

MOLECULAR AND BIOCHEMICAL BASIS OF MONOGENIC DIABETES 
Genetic Architecture and Pathogenic Mechanisms 
Monogenic diabetes comprises over 40 distinct genetic subtypes [12], with mutations in transcription factors, 
metabolic enzymes, and ion channels representing the predominant molecular categories [13]. MODY subtypes 1, 
3, and 4, caused by mutations in hepatocyte nuclear factor 4-alpha (HNF4A), hepatocyte nuclear factor 1-alpha 

(HNF1A), and pancreatic duodenum homeobox 1 (PDX1) respectively, disrupt β-cell transcriptional networks 
essential for glucose sensing, insulin gene expression, and cellular differentiation [14]. HNF1A mutations, 
accounting for 30--70% of MODY cases depending on population [15], result in defective glucose-stimulated insulin 
secretion through impaired expression of glucose transporter 2 (GLUT2) and downstream glycolytic enzymes [16]. 
Loss-of-function mutations in glucokinase (GCK), the glucose sensor enzyme catalyzing the rate-limiting step in 
glycolysis, cause MODY2 characterized by mild, stable fasting hyperglycemia typically not requiring 
pharmacological intervention [17]. 
Neonatal diabetes predominantly results from activating mutations in KCNJ11 and ABCC8 genes encoding the 
ATP-sensitive potassium (K<sub>ATP</sub>) channel subunits Kir6.2 and SUR1 respectively, which prevent 
channel closure in response to ATP accumulation and thereby inhibit membrane depolarization and insulin 
secretion. Conversely, mutations in the insulin gene (INS) itself cause permanent neonatal diabetes through multiple 

mechanisms including misfolding-induced endoplasmic reticulum stress, toxic proinsulin accumulation, and β-cell 
apoptosis [18]. The monogenic nature of these disorders, combined with well-characterized molecular 
pathophysiology, renders them particularly attractive targets for definitive genetic correction strategies [19]. 
CRISPR-Cas9 Mechanism and Genome Editing Strategies 
The CRISPR-Cas9 system comprises two essential components: the Cas9 endonuclease derived from Streptococcus 
pyogenes and a synthetic guide RNA (sgRNA) that directs sequence-specific DNA recognition [20]. The sgRNA 
contains a 20-nucleotide targeting sequence complementary to the genomic target adjacent to a protospacer adjacent 
motif (PAM), typically 5'-NGG-3' [21]. Upon target recognition, Cas9 induces a double-strand break (DSB) three 
base pairs upstream of the PAM sequence, triggering endogenous DNA repair pathways. Non-homologous end 
joining (NHEJ), the predominant repair mechanism in mammalian cells, introduces insertions or deletions (indels) 
resulting in frameshift mutations useful for gene knockouts. Alternatively, homology-directed repair (HDR) can 
incorporate exogenous DNA templates to achieve precise sequence corrections, though HDR efficiency remains 

substantially lower than NHEJ, particularly in non-dividing cells including mature β-cells [22]. 
For monogenic diabetes applications, therapeutic strategies encompass multiple approaches: (1) direct correction of 
pathogenic mutations through HDR-mediated insertion of wild-type sequences; (2) allele-specific disruption of 
dominant-negative mutant alleles while preserving wild-type function; (3) targeted insertion of normal gene copies 
at safe harbor loci; and (4) ex vivo editing of patient-derived induced pluripotent stem cells (iPSCs) with subsequent 

differentiation to functional β-cells for transplantation [23]. Each strategy presents distinct advantages and 
technical challenges related to editing efficiency, specificity, and therapeutic durability [24]. Recent advances in 
base editing technology, which enables direct conversion of cytosine to thymine (or adenine to guanine) without 
DSB formation [25], and prime editing, capable of all 12 possible base-to-base conversions plus insertions and 
deletions [26], offer enhanced precision particularly relevant for point mutations predominant in monogenic 
diabetes [27]. 

 
PATHOPHYSIOLOGY AND TRANSLATIONAL EVIDENCE 
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Preclinical Studies in Patient-Derived Cellular Models 
Patient-derived iPSCs represent a transformative platform for modeling monogenic diabetes and validating gene 
editing efficacy. Multiple investigations have successfully corrected pathogenic mutations in iPSCs derived from 
patients with HNF1A-MODY, INS gene mutations, and KCNJ11-associated neonatal diabetes, with subsequent 

differentiation into functional β-like cells demonstrating restoration of glucose-stimulated insulin secretion [28]. 
In a seminal study, Ma and colleagues (2018) corrected a heterozygous INS gene mutation (C96Y) in patient iPSCs 
using CRISPR-Cas9 with a single-stranded oligodeoxynucleotide (ssODN) template, achieving HDR-mediated 

correction in 18% of clones [29]. Corrected iPSC-derived β-cells exhibited normalized insulin processing, abolished 
endoplasmic reticulum stress markers, and restored glucose-responsive insulin secretion comparable to control cells, 
demonstrating proof-of-concept for genetic rescue of neonatal diabetes pathophysiology [30]. 
Similarly, Balboa and colleagues (2021) employed base editing to correct HNF1A mutations in patient iPSCs, 
achieving editing efficiencies exceeding 50% without detectable off-target mutations across predicted sites [31]. 

Differentiated β-cells from base-edited clones demonstrated restoration of HNF1A downstream target gene 
expression including GLUT2, L-PK, and PCSK2, alongside recovery of glucose-stimulated insulin secretion 
dynamics [31]. Importantly, transcriptomic and epigenomic profiling confirmed that corrected cells were 
indistinguishable from isogenic controls, supporting on-target genetic correction without collateral transcriptional 
disruption [7]. These iPSC-based studies collectively validate the technical feasibility of CRISPR-mediated 
correction and establish mechanistic proof that restoring wild-type gene function can reverse disease-relevant 
cellular phenotypes.  
Animal Model Evidence and In Vivo Editing 
Translation to in vivo gene editing presents substantially greater complexity, requiring efficient delivery systems, 
cell-type specificity, and durable therapeutic effect [32]. Several investigations have demonstrated successful 
CRISPR-Cas9 editing in rodent models of monogenic diabetes [33]. Xie and colleagues utilized adeno-associated 
virus serotype 8 (AAV8) to deliver Cas9 and sgRNAs targeting the Ins2 gene in neonatal mice harboring the Akita 
mutation (C96Y), analogous to human permanent neonatal diabetes [34]. Single intraperitoneal injection achieved 

editing rates of 8--19% in pancreatic islets, sufficient to ameliorate hyperglycemia, reduce β-cell apoptosis, and 
improve glucose tolerance over 20 weeks [34]. However, incomplete editing and mosaicism remained significant 
limitations, with substantial inter-animal variability in therapeutic response [34]. 
More recently, Liu and colleagues (2023) employed lipid nanoparticle (LNP) delivery of base editor mRNA and 
sgRNA to target Kcnj11 mutations in a neonatal diabetes mouse model, achieving editing efficiencies approaching 

30% in β-cells following multiple administrations [35]. Treated animals exhibited sustained improvements in 
fasting glucose, glucose tolerance, and insulin secretion capacity over 40 weeks without histological evidence of 
pancreatic inflammation or immune rejection [35]. Importantly, deep sequencing revealed minimal off-target 
editing at computationally predicted sites, and no chromosomal translocations were detected [35]. These proof-of-
concept studies establish that in vivo gene editing can achieve therapeutically meaningful correction rates with 
acceptable safety profiles in rodent models, though substantial optimization remains necessary for human translation 
[36]. 
Limitations and Translational Gaps 
Despite encouraging preclinical data, several critical gaps persist between current evidence and clinical application. 
First, editing efficiencies achieved in animal models remain below theoretical thresholds for durable glycemic 

correction in humans, where restoration of >20--30% functional β-cell mass is likely required for insulin 

independence [37]. Second, the proliferative capacity of adult human β-cells is substantially lower than rodent β-
cells [38], potentially limiting expansion of edited cell populations. Third, long-term durability beyond current 
study timeframes (typically <1 year) remains unproven, raising concerns about editing stability, clonal exhaustion, 
or immune-mediated rejection of edited cells [39]. Fourth, studies have predominantly focused on single-gene 
correction in relatively homogeneous genetic backgrounds; real-world applications must contend with allelic 
heterogeneity, modifier genes, and patient-specific factors influencing therapeutic response. These translational gaps 
necessitate more sophisticated animal models, extended follow-up periods, and bridging studies in non-human 
primates before clinical trials can proceed responsibly [40]. 

DIAGNOSTIC AND BIOMARKER IMPLICATIONS 
Current Diagnostic Landscape 
Accurate molecular diagnosis represents the critical first step for CRISPR-based precision medicine in monogenic 
diabetes [41]. Despite well-established genetic testing guidelines, underdiagnosis remains pervasive due to limited 
clinician awareness, phenotypic overlap with common diabetes types, and restricted access to genetic testing in 
resource-limited settings [42]. The International Society for Pediatric and Adolescent Diabetes (ISPAD) 
recommends genetic testing for diabetes diagnosed before 6 months (neonatal diabetes), diabetes diagnosed between 
6 months and 30--45 years with family history consistent with autosomal dominant inheritance and absence of 
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autoimmunity markers (MODY), and atypical diabetes presentations [43]. Next-generation sequencing (NGS) 
panels interrogating 30--40 monogenic diabetes genes have become the diagnostic standard, offering sensitivity 
exceeding 95% for known mutations with turnaround times of 4--8 weeks and declining costs [44]. 
However, significant challenges complicate genetic diagnosis. Variants of uncertain significance (VUS) comprise 15-
-30% of identified sequence changes [45], requiring functional validation through labor-intensive cell-based assays 
or familial segregation studies [46]. Furthermore, 20--30% of clinically suspected monogenic diabetes cases remain 
genetically unresolved despite comprehensive sequencing [47], suggesting unidentified genetic loci or complex 
regulatory variants. The emergence of whole-genome sequencing enables detection of deep intronic mutations, 
structural variants, and regulatory element disruptions missed by exome-focused approaches, potentially improving 
diagnostic yield [48]. From a CRISPR therapeutic perspective, definitive genetic diagnosis with confirmed 
pathogenic variant identification is an absolute prerequisite, underscoring the need for expanded genetic testing 
infrastructure and variant interpretation capacity [49]. 
Biomarkers for Patient Selection and Therapeutic Monitoring 
Identification of patients most likely to benefit from CRISPR intervention requires integration of genetic, 

biochemical, and clinical biomarkers [50]. Residual β-cell function, assessed through fasting and stimulated C-
peptide levels, represents a critical determinant of therapeutic potential, as gene editing efficacy depends upon viable 

β-cells amenable to functional rescue [51]. Patients with complete β-cell failure (undetectable C-peptide) are 
unlikely to benefit from in situ editing approaches and may require alternative strategies such as stem cell-derived 

β-cell transplantation with ex vivo editing [52]. Conversely, patients with specific mutations amenable to base or 
prime editing (e.g., single nucleotide variants comprising >70% of monogenic diabetes mutations) represent optimal 
candidates for direct correction approaches [53]. 
Following therapeutic intervention, sensitive biomarkers are essential for monitoring editing success and functional 
outcomes [54]. Digital droplet PCR and next-generation sequencing enable precise quantification of editing rates 
in circulating cell-free DNA, potentially serving as minimally invasive surrogates for pancreatic tissue editing [55]. 
Continuous glucose monitoring metrics including time in range, glycemic variability, and hypoglycemia frequency 

provide functional readouts of β-cell recovery [56]. Additionally, emerging biomarkers such as proinsulin-to-insulin 

ratios, specific microRNAs associated with β-cell health, and positron emission tomography imaging of β-cell mass 
may enable more comprehensive assessment of therapeutic response [57,58]. Standardization of biomarker panels 
and validation across diverse patient populations remain essential priorities for clinical trial design [59]. 

THERAPEUTIC STRATEGIES AND BIOCHEMICAL TARGETS 

Ex Vivo Gene Editing and β-Cell Replacement 

Ex vivo editing of patient-derived iPSCs followed by directed differentiation to functional β-cells and subsequent 
transplantation represents the most clinically advanced CRISPR strategy for monogenic diabetes [60]. This 
approach offers several advantages: (1) unlimited time for comprehensive quality control including verification of 
precise editing, absence of off-target mutations, and functional validation; (2) ability to generate large numbers of 

corrected β-cells through expansion and differentiation; (3) potential for HLA matching or genetic modification to 
reduce immunogenicity; and (4) elimination of risks associated with in vivo delivery vehicles [61]. Recent advances 

in β-cell differentiation protocols have achieved cells exhibiting glucose-stimulated insulin secretion kinetics 
approaching primary human islets, with successful reversal of diabetes in immunodeficient mice following 
transplantation [62]. 
However, substantial challenges temper enthusiasm. Current differentiation protocols require 30--45 days and yield 
heterogeneous populations containing <40% monohormonal insulin-positive cells [63], necessitating enrichment 

strategies and extensive characterization. Immature β-cell phenotypes with aberrant polyhormonal expression and 
suboptimal glucose sensing remain problematic [64]. Moreover, substantial immunosuppression is required to 
prevent rejection, associated with infection risk, malignancy, drug toxicity, and high costs [65]. Microencapsulation 
strategies to protect transplanted cells from immune attack while permitting glucose sensing and insulin secretion 
have shown promise but remain investigational. The requirement for abdominal implantation and limited 
retrievability raise additional safety concerns [66]. Despite these limitations, ongoing phase I/II trials of stem cell-

derived β-cell products (non-gene-edited) for type 1 diabetes are generating crucial safety and efficacy data 
potentially applicable to edited cell products for monogenic diabetes [67]. 
In Vivo Gene Editing Approaches 

Direct in vivo editing of pancreatic β-cells represents an elegant alternative avoiding cell manufacturing complexity 
and transplantation risks [68]. Successful in vivo editing requires: (1) efficient delivery systems capable of pancreatic 

targeting; (2) β-cell-specific expression to minimize off-target effects in other tissues; (3) sufficient editing rates to 
achieve therapeutic benefit; and (4) acceptable safety profiles including minimal off-target mutagenesis and 
immunogenicity [69]. AAV vectors have emerged as leading candidates due to favorable safety profiles, low 
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immunogenicity, and established clinical track record across multiple gene therapy applications [70]. AAV 
serotypes 6, 8, and 9 exhibit preferential pancreatic tropism, with AAV8 demonstrating 2--5-fold higher 

transduction efficiency in β-cells compared to other serotypes in preclinical studies [71]. 
However, AAV vectors present significant limitations for CRISPR delivery. The 4.7 kilobase packaging capacity of 
AAV constrains delivery of full-length Streptococcus pyogenes Cas9 (4.2 kb) together with regulatory elements and 
sgRNA expression cassettes [72]. Smaller Cas9 orthologs from Staphylococcus aureus (SaCas9, 3.2 kb) or 
Campylobacter jejuni (CjCas9, 2.9 kb) offer solutions but recognize different PAM sequences potentially limiting 
targetable sites [73]. Dual AAV systems splitting Cas9 between two vectors with intein-mediated reconstitution 
have achieved functional editing but with reduced efficiency [74]. Alternative delivery platforms including LNPs 
have demonstrated promise, with ionizable lipid formulations achieving hepatocyte editing rates exceeding 60% in 
clinical trials for transthyretin amyloidosis, establishing clinical precedent for in vivo base editing in humans [75]. 
Base Editing and Prime Editing: Next-Generation Precision 
Base editors and prime editors represent transformative advances addressing key CRISPR-Cas9 limitations [76]. 
Cytosine base editors (CBEs) and adenine base editors (ABEs) enable direct C-to-T or A-to-G conversions 
respectively without DSB formation, dramatically reducing indel formation and large-scale chromosomal 
rearrangements [77]. Given that pathogenic point mutations comprise the majority of monogenic diabetes variants 
[78], base editing offers direct relevance. Multiple studies have demonstrated superior safety profiles with base 
editors compared to traditional Cas9, with substantially reduced off-target effects and no detectable chromosomal 
translocations [79]. However, base editors are limited to transition mutations and exhibit bystander editing of 
proximal bases within a 5-base "activity window," potentially introducing unintended mutations.  
Prime editing, combining a nickase Cas9 fused to reverse transcriptase with a prime editing guide RNA (pegRNA) 
containing the desired edit, enables all 12 possible base substitutions plus small insertions and deletions without 
requiring DSB formation or donor DNA templates [80]. Initial studies reported editing efficiencies of 20--50% in 
mammalian cells with minimal off-target effects and indel formation [81]. For monogenic diabetes, prime editing 
offers unparalleled versatility to correct diverse mutation types including the <10% of pathogenic variants 
(insertions, deletions, splice site mutations) not addressable by base editing [82]. However, prime editing efficiency 

varies substantially by genomic locus, cell type, and pegRNA design, with β-cell editing rates remaining largely 
unexplored [83]. The substantially larger size of prime editors (~6 kb) exacerbates delivery challenges, potentially 
necessitating mRNA-based approaches or novel delivery systems [84]. 
Clinical Translation Challenges 
Translation of preclinical successes to clinical applications confronts formidable obstacles. Off-target mutagenesis, 
despite continual improvement in Cas9 specificity through engineering variants such as high-fidelity Cas9 (Cas9-
HF1) and enhanced specificity Cas9 (eSpCas9) [85], remains a critical safety concern given the potential for 
oncogenic transformation or disruption of essential genes [86]. Comprehensive off-target assessment requires 
whole-genome sequencing at sufficient depth (>100× coverage) to detect rare editing events, substantially 
increasing costs and analytical complexity. Immunogenicity represents another major concern, with pre-existing 
immunity to Streptococcus pyogenes Cas9 detected in 2.5--10% of healthy individuals due to prior streptococcal 
exposure, potentially triggering immune-mediated rejection of edited cells or inflammatory responses. 
Regulatory frameworks for germline versus somatic editing remain heterogeneous across jurisdictions, creating 
substantial uncertainty. While somatic editing in post-natal individuals is increasingly accepted, inadvertent 
germline modification through off-target effects in reproductive tissues could have heritable consequences, 
necessitating rigorous preclinical exclusion studies and long-term patient follow-up. Ethical considerations 
surrounding pediatric applications are particularly acute for neonatal diabetes, balancing potential curative benefit 
against uncertain long-term risks in vulnerable populations unable to provide informed consent 87. Societal concerns 
about genetic enhancement, equitable access, and appropriate clinical versus enhancement applications necessitate 
broad stakeholder engagement and transparent governance frameworks. 

FUTURE DIRECTIONS AND RESEARCH GAPS 
Technological Advances and Optimization Strategies 
Several emerging technologies may overcome current limitations and accelerate clinical translation. CRISPR 
activation (CRISPRa) and CRISPR interference (CRISPRi) systems employing catalytically dead Cas9 fused to 
transcriptional activators or repressors enable gene expression modulation without permanent genetic alteration, 
offering potentially reversible therapeutic options for dominant-negative mutations or haploinsufficiency [88]. 
Epigenome editing approaches targeting DNA methylation or histone modifications at regulatory elements 
controlling diabetes-associated genes represent alternative strategies particularly relevant for mutations affecting 
gene expression rather than protein sequence. 
Advanced delivery systems including cell-penetrating peptides, exosomes, and virus-like particles may improve 
delivery efficiency, reduce immunogenicity, and enable more precise tissue targeting. Tissue-specific promoters 
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driving Cas9 expression exclusively in β-cells would minimize off-target editing in other tissues, enhancing safety 
profiles [89]. Temporal control systems enabling inducible Cas9 expression through small molecules (e.g., 
doxycycline, tamoxifen) or optogenetic approaches could provide additional layers of control, permitting editing 
only during defined therapeutic windows. Integration of machine learning approaches for sgRNA design, off-target 
prediction, and patient stratification may optimize editing strategies and identify individuals most likely to benefit.  
Unmet Research Priorities 
Critical knowledge gaps requiring systematic investigation include: (1) comprehensive characterization of editing 

efficiency, specificity, and durability in primary human β-cells rather than cell lines or rodent cells; (2) long-term 
safety assessment extending >5 years to detect delayed adverse events including malignancy risk; (3) comparative 
effectiveness studies evaluating different editing modalities (traditional CRISPR, base editing, prime editing) for 
specific mutation types; (4) identification of optimal delivery systems balancing efficiency, safety, and scalability for 
clinical manufacturing; (5) standardization of outcome measures and biomarker panels for clinical trials; and (6) 
health economic analyses assessing cost-effectiveness compared to lifelong conventional therapy. 
Additionally, non-human primate studies remain essential for bridging preclinical evidence to human trials, given 

substantial species differences in β-cell biology, immune responses, and AAV tropism [90]. Establishment of patient 
registries cataloging natural history, treatment responses, and long-term outcomes across monogenic diabetes 
subtypes would enable identification of optimal therapeutic windows and patient subgroups. Finally, expanded 
functional characterization of VUS through high-throughput CRISPR-based saturation mutagenesis screens could 
improve diagnostic yield and identify novel therapeutic targets. 
Regulatory and Ethical Landscape 
Successful clinical translation requires constructive engagement with regulatory agencies to establish clear approval 
pathways balancing innovation with safety. The U.S. Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) have released preliminary guidance documents for gene editing therapies, emphasizing 
comprehensive preclinical safety assessment, rigorous off-target analysis, long-term follow-up (minimum 15 years), 
and stepwise advancement from ex vivo to in vivo applications [91]. Adaptive trial designs incorporating Bayesian 
approaches, master protocols, and platform trials may accelerate development while maintaining scientific rigor, 
particularly relevant for rare monogenic diabetes subtypes with limited patient populations. 
Ethical frameworks must address several contentious issues. Appropriate age thresholds for intervention in pediatric 
populations require careful consideration, weighing developmental neurocognitive capacity for assent, disease 
severity, alternative treatment options, and reversibility. Informed consent processes must effectively communicate 
uncertain long-term risks, particularly for novel technologies without extensive human safety data. Equitable access 
remains paramount, as high development and manufacturing costs (estimated >$500,000 per patient for ex vivo 
approaches) risk creating therapeutic disparities. Policy interventions including value-based pricing, public-private 
partnerships, and technology transfer to low-resource settings merit exploration. International harmonization of 
regulatory standards and ethical guidelines would facilitate multi-center trials and equitable global deployment. 

CONCLUSION 
CRISPR-Cas9 gene editing represents a transformative technological platform with compelling potential for 
definitive treatment of monogenic diabetes through correction of causative genetic defects. Accumulating preclinical 

evidence demonstrates technical feasibility, with successful restoration of β-cell function in patient-derived cellular 
models and amelioration of hyperglycemia in animal models across multiple genetic subtypes. Mechanistic insights 
into molecular pathophysiology of monogenic diabetes provide clear biochemical rationale for genetic correction 
strategies, while advances in base editing and prime editing technologies offer enhanced precision addressing the 
predominant point mutation architecture. However, substantial translational barriers persist including suboptimal 

editing efficiencies in primary human β-cells, delivery system limitations, off-target mutagenesis concerns, 
immunogenicity risks, and regulatory complexity. The evidence base remains limited by short follow-up durations, 

small sample sizes, and reliance on rodent models with imperfect translational validity to human β-cell biology. 
Successful clinical implementation will require systematic resolution of technical challenges through innovative 
delivery platforms, comprehensive safety assessment in non-human primates, and carefully designed early-phase 

clinical trials in adults with well-characterized monogenic diabetes and preserved β-cell function. Ethical 
frameworks ensuring informed consent, equitable access, and appropriate patient selection must accompany 
technological development. The therapeutic promise must be tempered by realistic appraisal of implementation 
timelines, with ex vivo editing approaches likely reaching clinical application 5--10 years before in vivo strategies 
achieve regulatory approval. Nonetheless, the convergence of increasingly precise editing technologies, improved 
delivery systems, and growing clinical experience with gene-modified cell therapies establishes a credible pathway 
toward curative interventions for appropriately selected patients with monogenic diabetes. Prioritization of well-
designed phase I clinical trials evaluating ex vivo base editing of patient-derived induced pluripotent stem cells for 
HNF1A-MODY, coupled with comprehensive long-term safety monitoring and systematic preclinical optimization 



 
 
  Zakaria                                                                                                                                         www.iaajournals.org 

7 
 

of in vivo delivery systems, represents the most scientifically rigorous and ethically responsible pathway for 
advancing CRISPR-based therapeutics toward clinical implementation in monogenic diabetes.  
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