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Genetic alterations associated with cleft lip and palate patients as revealed by 

whole-exome sequencing and bioinformatics 

Abstract: 

Cleft lip and palate (CLP) represent some of the most prevalent congenital malformations, 

significantly impacting both aesthetic and functional aspects of affected individuals. Despite 

extensive research, the genetic underpinnings of CLP remain incompletely understood, 

necessitating further investigation to identify specific genetic alterations and pathways involved. 

This study employs Whole Exome Sequencing (WES) and advanced bioinformatics analyses to 

elucidate the genetic landscape associated with CLP. 

Our research involves a cohort of CLP patients and matched controls, ensuring a 

comprehensive comparison to discern disease-specific genetic variations. The WES approach 

enables the identification of both common and rare genetic variants within the coding regions of 

the genome. Subsequent bioinformatics analyses facilitate the functional annotation of these 

variants, providing insights into their potential roles in CLP pathogenesis. 

The study identifies several novel mutations in genes previously implicated in craniofacial 

development, including FGFR1, IRF6, and PAX7. Additionally, pathway analysis reveals 

significant enrichment of mutations in the Wnt signaling pathway and TGF-beta signaling 

pathway, both of which are crucial for craniofacial morphogenesis. These findings not only 

corroborate existing hypotheses regarding the genetic basis of CLP but also introduce new 

candidate genes and pathways for further exploration. 

Comparative analyses highlight distinct genetic profiles between CLP patients and 

controls, underscoring the importance of specific mutations in the etiology of CLP. This study also 

discusses the potential clinical implications of these findings, particularly in the context of early 

diagnosis, personalized treatment strategies, and genetic counseling. 

The integration of WES and bioinformatics in this research exemplifies a robust approach 

to unraveling the genetic complexity of CLP. While the findings advance our understanding of 

CLP genetics, the study acknowledges limitations such as sample size and the need for functional 

validation of identified mutations. Future research directions include expanding the cohort size 

and employing additional genomic technologies to further elucidate the genetic architecture of 

CLP. 
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I. INTRODUCTION 

1.1. Cleft Lip and Palate (CLP) 

Cleft lip and palate (CLP) is one of the most prevalent congenital malformations 

worldwide, impacting approximately 1 in 700 live births. This condition, which can manifest as a 

cleft lip, a cleft palate, or both, poses not only aesthetic challenges but also functional ones, 

significantly affecting speech, feeding, hearing, and dental development. As a result, individuals 

with CLP often require a comprehensive and multidisciplinary approach to care, involving surgical 

correction, dental interventions, speech therapy, and psychosocial support throughout their lives. 

The treatment journey is often long and complex, necessitating a well-coordinated effort from 

healthcare providers across various specialties, including maxillofacial surgery, orthodontics, 

speech therapy, and psychology. 

The etiology of CLP is multifactorial, with its occurrence being attributed to a combination 

of genetic predispositions, environmental influences, and potentially epigenetic modifications. 

Although extensive research has been conducted to understand the risk factors associated with 

CLP, the underlying genetic mechanisms remain incompletely understood. Epidemiological 

studies have consistently identified a range of environmental factors that may contribute to CLP, 

such as maternal smoking, alcohol consumption, and nutritional deficiencies during pregnancy, all 

of which may interact with the genetic susceptibility of the developing fetus. Despite this 

knowledge, the precise molecular mechanisms remain elusive, which underscores the complexity 

of CLP as a congenital disorder.  

Recent advancements in genetic research, particularly with the advent of next-generation 

sequencing technologies, have significantly enhanced our ability to explore the genetic 

underpinnings of CLP. Among these technologies, Whole Exome Sequencing (WES) has emerged 

as a powerful and efficient method for investigating the genetic basis of complex disorders like 

CLP. WES focuses on the exonic regions of the genome, which are responsible for coding proteins 

and account for the majority of known disease-causing mutations. By examining the coding 

regions of the genome, WES allows researchers to identify both common and rare genetic variants 

that may contribute to the development of CLP. This technique has already been instrumental in 

uncovering novel mutations and pathways involved in various congenital anomalies, providing 

new insights into their pathogenesis. 

In the present study, we aim to use WES to investigate the genetic alterations associated 

with CLP. By analyzing a cohort of CLP patients and matched controls, we seek to identify specific 

genetic variants that may be implicated in the pathogenesis of CLP. Our approach goes beyond 
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simply identifying genetic alterations; we also employ comprehensive bioinformatics analyses to 

functionally annotate the identified variants and explore their potential roles in craniofacial 

development. By integrating bioinformatics tools, we aim to provide a deeper understanding of 

the molecular pathways involved in the development of the cleft lip and palate. 

This research builds upon previous genetic studies that have identified candidate genes and 

chromosomal regions associated with CLP. Notable examples include the identification of 

mutations in genes such as FGFR1, IRF6, and PAX7, which have been linked to craniofacial 

development. However, the genetic architecture of CLP remains highly complex, with many more 

genes likely involved, either individually or in combination with environmental factors. Our study 

seeks to extend these findings by utilizing WES to capture a broader range of genetic variations, 

including both common and rare mutations. Additionally, we perform pathway analyses to identify 

biological processes and signaling pathways that may be enriched with CLP-associated mutations. 

This integrative approach allows us to explore the functional consequences of genetic variants and 

to identify potential molecular targets for future therapeutic interventions. 

Ultimately, the goal of this research is to advance our understanding of the genetic basis of 

CLP, thereby contributing to the development of improved diagnostic tools, personalized treatment 

strategies, and more effective genetic counseling. By identifying specific genetic alterations and 

elucidating their roles in craniofacial development, we aim to pave the way for targeted therapies 

that could mitigate or even prevent the occurrence of CLP in future generations. 

In the sections that follow, we will provide a detailed description of the materials and 

methods used in this study, present our findings on the genetic alterations and pathway analyses, 

discuss the implications of these findings in the context of current CLP research, and suggest 

potential avenues for future research to further elucidate the genetic architecture of CLP. 

1.1.1. Genetic Research on CLP Using Various Methods 

In addition to Whole Exome Sequencing (WES), various other genetic research 

methodologies have been employed to uncover the genetic basis of cleft lip and palate (CLP). 

These methods have made significant contributions to our understanding of the complex genetic 

architecture of this congenital anomaly. Below, we provide an overview of key research 

methodologies that have been applied to the study of CLP, highlighting their impact on our 

knowledge of this condition. 
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1.1.2. Genome-Wide Association Studies (GWAS) 

One of the most widely used approaches in genetic research on complex disorders is 

Genome-Wide Association Studies (GWAS). This method has been particularly useful in 

identifying genetic variants associated with CLP across diverse populations. GWAS involves 

scanning the entire genome for single nucleotide polymorphisms (SNPs) that are more frequent in 

individuals with CLP compared to those without the condition. By comparing the frequency of 

SNPs between cases and controls, GWAS can identify loci that are associated with an increased 

risk of developing CLP. These studies have been instrumental in pinpointing multiple loci linked 

to the condition, providing valuable insights into the genetic factors that contribute to its 

development. 

1.1.2.1. IRF6 and GWAS 

One of the most significant findings from GWAS in the context of CLP is the association 

of the *IRF6* gene with the condition. Variants in *IRF6* have been consistently identified across 

multiple populations, highlighting its critical role in the development of CLP. *IRF6* encodes a 

transcription factor that is essential for craniofacial development, and mutations in this gene have 

been linked to both syndromic and non-syndromic forms of CLP. The discovery of *IRF6* variants 

through GWAS has provided a robust genetic marker for CLP and has paved the way for further 

research into its functional role in craniofacial morphogenesis. 

1.1.2.2. Multiethnic Studies 

One of the key strengths of GWAS is its ability to capture genetic diversity across different 

populations. For instance, Leslie et al. conducted a multiethnic GWAS that identified novel loci 

associated with non-syndromic cleft lip and palate, underscoring the genetic heterogeneity of this 

condition. These studies have expanded our understanding of the genetic variations that contribute 

to CLP across various ethnic groups, demonstrating that different populations may have distinct 

genetic risk factors. This highlights the importance of conducting genetic research in diverse 

populations to fully understand the genetic architecture of CLP. 

1.1.3. Linkage Analysis 

Linkage analysis has been a cornerstone in genetic research, particularly for studying 

conditions that tend to run in families, like cleft lip and palate (CLP). This family-based method 

identifies co-segregation of genetic markers with the disease trait within pedigrees, providing a 

powerful approach for mapping disease-related genes. In the context of CLP, linkage analysis has 

proven invaluable for pinpointing chromosomal regions harboring susceptibility genes. Families 

with a high incidence of CLP are often the subject of these studies, as they offer a unique 
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opportunity to trace the inheritance patterns of genes contributing to this congenital malformation. 

By examining extended families with multiple affected individuals, researchers have been able to 

narrow down the genomic regions that are likely involved in the development of CLP, thereby 

providing critical clues to the genetic architecture of the condition. 

1.1.4. Chromosomal Regions 

Early linkage studies played a pivotal role in identifying several chromosomal regions 

associated with CLP. These studies, conducted in diverse populations, pointed to specific areas of 

the genome that may harbor genes contributing to the condition. Notably, regions on chromosomes 

1, 2, 6, and 9 have been consistently implicated in CLP, with these regions offering a roadmap for 

subsequent candidate gene studies. The identification of these chromosomal "hotspots" not only 

advanced the understanding of CLP's genetic basis but also underscored the complexity of the 

condition, as multiple loci appeared to contribute to its occurrence. These findings laid the 

groundwork for future research, directing attention to specific chromosomal intervals that might 

harbor causative genes or regulatory elements influencing craniofacial development. 

1.1.5. Candidate Gene Identification 

Building on the results of linkage studies, researchers have utilized family-based 

approaches to identify specific candidate genes within the regions of interest. By focusing on 

families with multiple affected individuals, researchers have honed in on genes that play crucial 

roles in craniofacial development and whose mutations or variants are likely to contribute to the 

formation of CLP. Two notable genes identified through this approach are *MSX1* and 

*PVRL1*, both of which are implicated in craniofacial morphogenesis. These candidate genes are 

essential for the development of structures involved in facial formation, and mutations in these 

genes can result in abnormalities like CLP. 

1.1.6. Candidate Gene Studies 

Candidate gene studies are designed to investigate specific genes suspected to be involved 

in a disease, based on their biological function. These studies have been instrumental in the field 

of CLP research, allowing for the validation of genes identified through linkage analysis or other 

genetic approaches. By targeting genes that are known to play roles in craniofacial development, 

researchers can better understand the genetic mechanisms underlying CLP. This approach has 

yielded significant discoveries, including the identification of key genes that contribute to both 

syndromic and non-syndromic forms of CLP. 



 

 
16 

 

1.1.6.1. *MSX1* 

The *MSX1* gene is one of the most well-studied candidate genes in CLP research. This 

gene plays a pivotal role in craniofacial development, particularly in the formation of the facial 

bones and teeth. Mutations in *MSX1* have been associated with both syndromic and non-

syndromic forms of CLP, making it a critical focus of genetic research. Disruption of *MSX1* 

function can lead to orofacial clefts by interfering with the normal development of the craniofacial 

complex, underscoring the gene’s importance in facial morphogenesis. 

1.1.6.2. *FGFR1* 

The *FGFR1* gene, which encodes a receptor involved in the fibroblast growth factor 

(FGF) signaling pathway, has also been implicated in CLP through candidate gene studies. 

Variants in *FGFR1* can affect craniofacial morphogenesis by altering the signaling pathways 

that regulate cell growth, differentiation, and survival during facial development. This makes 

*FGFR1* an important player in the genetic landscape of CLP, as disruptions in its function can 

lead to abnormal craniofacial development and the formation of clefts. 

1.1.7. Epigenetic Studies 

In addition to genetic variations, epigenetic modifications play a crucial role in gene 

regulation and the development of complex conditions like CLP. Epigenetic changes, such as DNA 

methylation and histone modifications, can influence gene expression without altering the 

underlying DNA sequence. These modifications can be inherited or induced by environmental 

factors, and they provide an additional layer of complexity to the etiology of CLP. Emerging 

epigenetic studies have begun to explore how these modifications may contribute to the 

development of CLP, particularly in response to environmental exposures such as smoking and 

nutritional deficiencies. 

1.1.8. Maternal Smoking 

Maternal smoking during pregnancy has been identified as a significant risk factor for CLP, 

and recent research suggests that this environmental exposure may induce epigenetic changes in 

the developing fetus. Smoking has been shown to alter DNA methylation patterns in key genes 

involved in craniofacial development, thereby increasing the risk of CLP. These findings highlight 

the intricate interplay between genetic susceptibility and environmental influences in the etiology 

of CLP and underscore the importance of public health interventions aimed at reducing smoking 

during pregnancy. 
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1.1.9. Nutritional Deficiencies 

Nutritional deficiencies during pregnancy, particularly a lack of folate, have also been 

implicated in the development of CLP. Folate is essential for DNA synthesis and repair, and 

deficiencies in this critical nutrient can disrupt normal development, leading to congenital 

malformations. Studies have investigated the impact of maternal folate deficiency on the 

epigenetic regulation of genes involved in craniofacial development, revealing that inadequate 

folate intake can lead to abnormal DNA methylation patterns in key developmental genes, thereby 

increasing the risk of CLP. 

1.1.10. Next-Generation Sequencing (NGS) 

The advent of next-generation sequencing (NGS) technologies has revolutionized genetic 

research, providing unprecedented insight into the genetic variations that contribute to complex 

disorders like CLP. NGS enables the comprehensive analysis of the genome, allowing researchers 

to identify both common and rare genetic variants associated with the condition. The two most 

commonly used NGS approaches in CLP research are Whole Exome Sequencing (WES) and 

Whole Genome Sequencing (WGS), both of which offer unique advantages for identifying genetic 

factors involved in craniofacial development. 

1.1.11. Whole Genome Sequencing (WGS) 

Whole Genome Sequencing (WGS) provides a complete view of the genome, including 

both coding and non-coding regions, enabling the identification of a broader range of genetic 

variants associated with CLP. Unlike WES, which focuses only on the exonic regions of the 

genome, WGS captures both structural variations and regulatory elements that may contribute to 

the development of CLP. This comprehensive approach has uncovered novel genetic variants that 

were previously undetectable by traditional sequencing methods, shedding light on the genetic 

heterogeneity of the condition. 

1.1.12. Transcriptome Sequencing (RNA-seq) 

Transcriptome sequencing, or RNA-seq, is another powerful tool used in CLP research. 

RNA-seq enables the study of gene expression patterns in tissues affected by CLP, providing 

insights into the molecular mechanisms underlying craniofacial development. By comparing the 

gene expression profiles of affected and unaffected individuals, researchers can identify 

dysregulated pathways that may contribute to the development of CLP. This approach has been 

particularly useful in understanding how genetic variants and epigenetic changes influence gene 

expression during critical periods of craniofacial development. 
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1.1.13. Animal Models 

Animal models have been instrumental in advancing our understanding of the genetic basis 

of cleft lip and palate (CLP). These models allow researchers to functionally validate candidate 

genes identified through genetic studies and explore the developmental pathways involved in 

craniofacial morphogenesis. By creating targeted mutations in specific genes, animal models can 

mimic human craniofacial development, offering valuable insights into the molecular mechanisms 

that lead to CLP. Two of the most commonly used animal models in CLP research are mice and 

zebrafish, both of which have unique advantages for studying gene function and interactions. 

1.1.13.1. Mouse Models 

Mouse models have been extensively used to study the genetic basis of CLP. Due to their 

genetic similarity to humans and the availability of sophisticated genetic manipulation techniques, 

mice provide an ideal system for investigating the role of specific genes in craniofacial 

development. Several key genes, such as IRF6, MSX1, and PAX7, have been targeted in mouse 

models to study their involvement in CLP. Mice with mutations in these genes exhibit craniofacial 

defects similar to those seen in human CLP, allowing researchers to explore the underlying 

molecular mechanisms. For example, IRF6 mutant mice display a cleft palate phenotype, which 

has provided crucial insights into how disruptions in this gene can lead to abnormal craniofacial 

development. These mouse models have proven invaluable for studying gene function, tissue-

specific gene expression, and gene-environment interactions that contribute to the formation of 

orofacial clefts. 

1.1.13.2. Zebrafish Models 

Zebrafish have also emerged as a powerful model system for studying craniofacial 

development and CLP. One of the key advantages of zebrafish is their transparency during early 

development, which allows for real-time observation of tissue formation and gene expression 

patterns. Zebrafish embryos develop rapidly, making them an ideal system for high-throughput 

genetic studies and for investigating gene function and interactions in craniofacial development. 

Researchers have utilized zebrafish models to study genes involved in CLP, such as IRF6, and to 

explore the molecular pathways that regulate craniofacial morphogenesis. The ability to perform 

large-scale genetic screens in zebrafish has accelerated the identification of novel genes and 

pathways implicated in CLP, offering new avenues for understanding the genetic and 

developmental basis of this condition. 
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1.1.14. Methodology of Genome-Wide Association Studies (GWAS) 

Genome-Wide Association Studies (GWAS) have revolutionized the field of genetic 

research by enabling the identification of genetic variants associated with complex diseases and 

traits, including cleft lip and palate (CLP). By scanning the entire genome for common single 

nucleotide polymorphisms (SNPs) that differ between affected individuals and controls, GWAS 

can pinpoint specific loci that contribute to the risk of developing CLP. The following are key 

methodological steps involved in conducting a GWAS for CLP. 

1.1.14.1. Cohort Selection 

A critical step in GWAS is the selection of large, well-characterized cohorts of individuals 

with CLP and control groups without the condition. To maximize the power of the study, cohorts 

often encompass diverse populations to capture a wide range of genetic variations. The inclusion 

of multiethnic populations is particularly important, as it allows researchers to identify genetic 

variants that may be specific to certain populations or that may have different effects across 

populations. 

1.1.14.2. Genotyping 

Once the cohorts are selected, participants' DNA samples are genotyped using high-

throughput technologies. Modern genotyping platforms can assay millions of SNPs across the 

genome simultaneously, providing a comprehensive dataset for analysis. This step involves 

identifying genetic variants (SNPs) that may be associated with CLP by comparing the frequency 

of these variants in affected individuals and controls. 

1.1.14.3. Statistical Analysis 

The statistical analysis phase involves comparing the frequency of each SNP between the 

CLP and control groups using sophisticated computational methods. SNPs that show significant 

differences in frequency are considered to be associated with the condition. Researchers use 

statistical thresholds to minimize false-positive findings, and stringent quality control measures 

are applied to ensure the accuracy and reliability of the data. 

1.1.14.4. Replication and Validation 

Replication of GWAS findings in independent cohorts is essential to confirm the 

association of identified SNPs with CLP. After significant loci are identified, they are tested in 

additional, separate populations to validate their role in CLP risk. Functional studies are also often 

conducted to explore the biological relevance of these SNPs, providing further insights into their 

role in craniofacial development. 
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1.1.15. IRF6 Gene 

Among the most significant findings from GWAS on CLP is the consistent identification 

of the IRF6 gene as a key locus associated with both syndromic and non-syndromic forms of CLP. 

Variants in IRF6 are now well-established contributors to craniofacial development. IRF6 encodes 

a transcription factor involved in the regulation of epithelial differentiation during craniofacial 

development, and mutations in this gene can disrupt normal lip and palate formation, leading to 

clefts. The identification of IRF6 through GWAS has provided profound insights into the 

molecular mechanisms underlying CLP, and its role as a major genetic contributor to the condition 

has been replicated in numerous studies across diverse populations. 

1.1.16. Multiethnic GWAS 

Leslie et al. conducted a landmark multiethnic GWAS that broadened our understanding 

of the genetic diversity contributing to non-syndromic CLP. This study included individuals from 

different ethnic backgrounds and identified several novel loci associated with CLP, including 

regions near the genes MAFB and ABCA4. The multiethnic approach highlighted the importance 

of genetic diversity in CLP research, as it revealed genetic variants that may be unique to certain 

populations or that show varying effects depending on ethnic background. The findings from this 

study have underscored the need for inclusive and diverse research to fully elucidate the genetic 

etiology of CLP. 

1.1.17. Chromosome 8q24 

Variants near the 8q24 locus have been implicated in CLP through multiple GWAS. This 

chromosomal region is known to contain several regulatory elements that influence gene 

expression during craniofacial development. Research has shown that variants near 8q24 are 

associated with an increased risk of CLP, suggesting that this region plays a critical role in the 

regulation of genes involved in lip and palate formation. Further studies are needed to understand 

the specific mechanisms by which these regulatory elements influence craniofacial development. 

1.1.18. Additional Loci 

Several other loci have been identified through GWAS, further expanding our 

understanding of the genetic architecture of CLP. Notable examples include regions near the genes 

VAX1, PAX7, and NOG, all of which are involved in various developmental processes. VAX1, for 

example, is important in brain and craniofacial development, while PAX7 is involved in muscle 

development and NOG regulates bone morphogenesis. These loci provide additional insights into 

the complex network of genes and pathways that contribute to the formation of the lip and palate, 

offering potential targets for further research and therapeutic development. 
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1.1.19. Implications of GWAS Findings 

GWAS findings have provided valuable insights into the biological pathways and 

processes involved in craniofacial development. For instance, the identification of key genes such 

as IRF6 has shed light on the molecular mechanisms underlying lip and palate formation, offering 

new avenues for understanding how genetic variations disrupt normal development. 

One of the practical applications of GWAS findings is the development of risk prediction 

models. By identifying individuals who carry genetic variants associated with CLP, clinicians can 

offer early genetic counseling and intervention strategies to families at higher risk of having 

children with CLP. This can improve prenatal care and planning, as well as inform decisions about 

early treatments. 

The identification of genetic loci associated with CLP opens the door to developing 

targeted therapies. Understanding the role of specific genes and pathways in craniofacial 

development can lead to the creation of novel interventions aimed at preventing or mitigating the 

occurrence of CLP. For example, if specific signaling pathways involved in lip and palate 

formation can be modulated, it may be possible to reduce the severity or prevent the occurrence of 

clefts. 

GWAS studies that include diverse populations have highlighted the genetic heterogeneity 

of CLP. This diversity is essential for fully understanding the genetic basis of CLP, as genetic 

variants may have different effects in different populations. By studying genetic diversity, 

researchers can ensure that findings are applicable across various ethnic groups, which is crucial 

for developing universal interventions and treatments. 

In conclusion, GWAS and related genetic studies have greatly advanced our knowledge of 

the genetic factors contributing to CLP, providing valuable insights into the underlying molecular 

mechanisms and offering new avenues for diagnosis, risk prediction, and therapeutic development. 

1.1.20. Challenges and Future Directions 

Genome-Wide Association Studies (GWAS) have played a pivotal role in uncovering the 

genetic underpinnings of complex disorders such as cleft lip and palate (CLP). However, despite 

their success, GWAS also face several methodological and interpretative challenges that require 

careful consideration. As we look toward the future of genetic research in CLP, it is essential to 

address these challenges and explore complementary strategies to enhance our understanding of 

the condition. 
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1.1.20.1. Population Stratification 

Population stratification poses one of the most significant challenges in GWAS. This 

phenomenon occurs when there are genetic differences between populations due to ancestry rather 

than an association with the disease being studied. In diverse populations, genetic variation can be 

confounded by ethnic background, leading to false-positive associations. To mitigate this issue, 

researchers must employ advanced statistical methods, such as principal component analysis or 

mixed models, to control for population structure. Furthermore, the inclusion of ethnically diverse 

cohorts is critical to accurately capturing the genetic heterogeneity of CLP. Studies must ensure 

that their samples are representative of various populations, particularly as the genetic architecture 

of CLP may vary across different ethnic groups. 

Efforts to address population stratification not only improve the validity of findings but 

also ensure that the results are applicable across diverse populations, enhancing the utility of 

GWAS in global contexts. By refining cohort selection and employing sophisticated statistical 

techniques, future studies can reduce the risk of false-positive results, leading to more accurate 

and generalizable genetic associations. 

1.1.20.2. Rare Variants 

While GWAS is a robust tool for identifying common variants associated with CLP, it may 

miss rare variants that could have significant effects on the disease. Common variants identified 

through GWAS often account for only a small proportion of the heritability of CLP, leading to 

what is commonly referred to as the "missing heritability" problem. Rare variants, which are 

typically overlooked by GWAS due to their low frequency, may explain a portion of this missing 

heritability. 

To complement GWAS and capture these rare variants, whole genome sequencing (WGS) 

and targeted sequencing approaches are becoming increasingly important. WGS provides a more 

comprehensive view of the genome, including non-coding regions and structural variations, 

thereby allowing researchers to detect both rare and common variants associated with CLP. 

Targeted sequencing of specific genomic regions that have been implicated in previous studies can 

also provide deeper coverage, increasing the likelihood of identifying rare variants with large 

effects. By integrating these approaches, future research can offer a more complete picture of the 

genetic landscape of CLP. 
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1.1.20.3. Functional Validation 

One of the major limitations of GWAS is that the identified single nucleotide 

polymorphisms (SNPs) are often located in non-coding regions of the genome. These SNPs may 

act as regulatory elements that influence gene expression rather than directly causing the disease. 

As a result, functional validation is required to establish the biological relevance of these variants. 

Functional validation involves laboratory experiments that test the effects of SNPs on gene 

function and expression. Techniques such as CRISPR-Cas9 gene editing, RNA interference, and 

transgenic animal models allow researchers to experimentally manipulate genetic variants and 

observe their effects on craniofacial development. For instance, animal models, such as mice and 

zebrafish, can be engineered to carry the same genetic variants identified in human GWAS studies, 

providing valuable insights into how these variants influence facial morphogenesis. Furthermore, 

gene expression studies in affected tissues, such as the developing palate, can reveal how SNPs 

alter the expression of key genes involved in craniofacial development. These functional studies 

are crucial for translating genetic discoveries into meaningful biological insights that can inform 

therapeutic interventions. 

1.1.20.4. Integrative Approaches 

As genetic research advances, there is an increasing recognition of the need for integrative 

approaches that combine GWAS with other omics data, including transcriptomics, proteomics, 

and epigenomics. While GWAS identifies genetic variants associated with CLP, it does not 

provide information about how these variants influence gene expression, protein function, or 

epigenetic regulation. By integrating multiple layers of biological data, researchers can gain a more 

comprehensive understanding of the molecular mechanisms underlying CLP. 

For example, transcriptome-wide association studies (TWAS) can link genetic variants to 

gene expression changes, while proteomic studies can reveal how genetic variants impact protein 

levels and interactions. Epigenomic studies, such as DNA methylation and histone modification 

analyses, can explore how environmental factors, such as maternal smoking or nutritional 

deficiencies, interact with genetic susceptibility to influence the risk of CLP. These multi-omics 

approaches enable researchers to build a more holistic view of the genetic and molecular landscape 

of CLP, paving the way for personalized medicine and targeted interventions. 

1.1.21. Linkage Analysis in Cleft Lip and Palate (CLP) Research 

Linkage analysis has been a foundational tool in genetic research, particularly for 

understanding the inheritance patterns of complex disorders like CLP. Unlike GWAS, which 
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focuses on common variants in large populations, linkage analysis tracks the inheritance of genetic 

markers within families, making it particularly useful for identifying rare variants and for studying 

conditions with a strong familial component. In CLP research, linkage analysis has been employed 

to uncover chromosomal regions that co-segregate with the disease, thereby pointing to potential 

genetic loci involved in craniofacial development. 

Linkage analysis relies on the co-inheritance of genetic markers and traits within families, 

allowing researchers to identify regions of the genome that are likely to harbor disease-causing 

genes. The methodology typically involves the following steps: 

1. Family Selection: Large, multigenerational families with multiple 

individuals affected by CLP, known as multiplex families, are selected. These families 

offer a unique opportunity to trace the inheritance of genetic variants associated with CLP. 

2. Genotyping: Genetic markers, such as microsatellites or SNPs, are 

genotyped across family members. These markers must be polymorphic and evenly 

distributed across the genome to capture potential associations with the disease. 

3. Statistical Analysis: Linkage analysis calculates the likelihood that a genetic 

marker is co-segregating with CLP more often than expected by chance. This is quantified 

using a LOD (logarithm of the odds) score, with a score greater than 3 typically considered 

evidence of linkage. 

1.1.22. Key Findings from Linkage Analysis in CLP 

Linkage analysis has yielded several key findings that have shaped our understanding of 

the genetic architecture of CLP. Below are some of the most significant chromosomal regions 

identified through this method: 

1. Chromosome 6p24-p25: One of the earliest and most significant findings 

from linkage analysis in CLP was a signal on chromosome 6p24-p25. This region includes 

the PAX3 gene, which plays a crucial role in craniofacial development. Mutations in this 

region have been linked to craniofacial anomalies, making it a critical focus for further 

investigation. 

2. Chromosome 1q32-q42: Linkage studies have also identified a region on 

chromosome 1q32-q42 associated with both syndromic and non-syndromic forms of CLP. 

This region has guided subsequent candidate gene studies, offering potential insights into 

genes involved in facial morphogenesis. 
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3. Chromosome 2q33: This region, which includes the gene IRF6, has been 

strongly implicated in CLP through linkage analysis. IRF6 mutations are known to cause 

Van der Woude syndrome, a disorder characterized by CLP and other craniofacial 

anomalies. 

4. Chromosome 9q21-q33: Evidence of linkage in this region suggests the 

presence of one or more genes that contribute to CLP susceptibility. While specific genes 

within this region have yet to be definitively identified, ongoing research aims to uncover 

the genetic factors involved. 

1.1.23. Implications of Linkage Analysis Findings 

The findings from linkage analysis in CLP research have profound implications for gene 

discovery, genetic counseling, and future research. 

Linkage analysis has been instrumental in identifying regions of the genome that contain 

genes involved in craniofacial development. For example, the discovery of IRF6 through linkage 

studies has revolutionized our understanding of CLP's genetic basis, providing insights into how 

disruptions in specific genes lead to craniofacial abnormalities. 

Many of the regions identified through linkage analysis contain multiple genes that 

participate in the same biological pathways. For instance, genes involved in the Wnt and TGF-

beta signaling pathways have been linked to CLP. These pathways regulate critical processes in 

embryonic development, including cell proliferation, differentiation, and tissue morphogenesis. 

Understanding how these pathways are disrupted in CLP can provide new targets for therapeutic 

intervention. 

Linkage analysis findings are also valuable for genetic counseling. Families with a history 

of CLP can be informed about the likelihood of recurrence based on the identification of genetic 

risk factors. This information can help guide reproductive decision-making and enable early 

diagnosis and intervention for at-risk pregnancies. 

The regions identified through linkage analysis serve as a foundation for further genetic 

studies. Fine-mapping and sequencing of these regions can reveal additional variants and genes 

associated with CLP, facilitating the discovery of new therapeutic targets and improving our 

understanding of the genetic architecture of craniofacial development. 
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1.1.24. Challenges and Future Directions 

While significant progress has been made in identifying the genetic factors contributing to 

cleft lip and palate (CLP), numerous challenges remain that complicate research efforts. These 

challenges are primarily related to the genetic and environmental complexity of CLP, as well as 

the limitations of current research methods. Future research directions will need to address these 

issues to achieve a more comprehensive understanding of CLP's etiology and to develop more 

effective diagnostic and therapeutic strategies. 

One of the foremost challenges in CLP research is genetic heterogeneity. CLP is a 

genetically heterogeneous condition, meaning that the genetic causes can differ significantly 

between affected individuals and families. Some families may have specific genetic mutations that 

contribute to the condition, while other families may have different variants or even a combination 

of genetic and environmental factors. This heterogeneity can greatly complicate linkage analysis 

and other genetic approaches, reducing the power of studies to detect significant linkage signals 

and increasing the difficulty of identifying specific causal genes. 

Addressing genetic heterogeneity requires larger sample sizes and the inclusion of diverse 

populations in genetic studies. Researchers will also need to develop more sophisticated statistical 

methods to account for this variability, allowing them to uncover rare genetic variants that may 

only be present in a subset of the population. Additionally, focusing on syndromic forms of CLP—

where a single genetic mutation is more likely to cause the condition—can help identify key 

pathways that might also play a role in non-syndromic cases. 

While linkage analysis has been instrumental in identifying broad genomic regions 

associated with CLP, one of its major limitations is the relatively low resolution of the method. 

Linkage analysis typically identifies large chromosomal regions that may contain dozens or even 

hundreds of genes, making it challenging to pinpoint the exact causal gene or variant responsible 

for the condition. This lack of resolution can hinder the discovery of specific genes and the 

development of targeted therapeutic strategies. 

To overcome this challenge, linkage analysis can be combined with other genetic 

techniques, such as genome-wide association studies (GWAS) and whole genome sequencing 

(WGS). These complementary methods can narrow down the regions identified by linkage 

analysis and help researchers identify the exact causal variants. Targeted sequencing of specific 

regions implicated by linkage analysis can also provide deeper coverage and improve the 

resolution of genetic studies. 
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The genetic loci associated with CLP may vary between populations due to differences in 

genetic background, ancestry, and environmental exposures. For instance, some genetic variants 

may be more prevalent in certain ethnic groups or geographic regions, leading to population-

specific effects that may not be detectable in other groups. As a result, conducting genetic studies 

in one population may not fully capture the genetic diversity underlying CLP, potentially limiting 

the generalizability of the findings. 

Future research must prioritize conducting linkage and GWAS studies in diverse 

populations to capture the full spectrum of genetic variants associated with CLP. This approach 

will not only improve the identification of genetic risk factors but also enhance our understanding 

of how these variants interact with environmental factors across different populations. Moreover, 

population-specific studies can lead to the discovery of novel variants that may be relevant to 

certain groups, contributing to more personalized approaches to diagnosis and treatment. 

The future of CLP research lies in integrative approaches that combine multiple genetic 

and genomic methods to provide a comprehensive view of the condition. While linkage analysis, 

GWAS, and WGS are valuable tools on their own, their power can be significantly enhanced by 

integrating them with other omics data, such as transcriptomics, proteomics, and epigenomics. 

These multi-omics approaches allow researchers to study not only the genetic variants associated 

with CLP but also how these variants influence gene expression, protein function, and epigenetic 

regulation. 

For example, transcriptome-wide association studies (TWAS) can link genetic variants to 

changes in gene expression, providing insights into the molecular mechanisms by which these 

variants contribute to CLP. Epigenomic studies can explore how environmental factors, such as 

maternal smoking or nutritional deficiencies, interact with genetic variants to modify the risk of 

CLP through changes in DNA methylation or histone modification. Integrative bioinformatics 

tools are essential for analyzing these complex datasets and identifying functional variants that 

may serve as potential therapeutic targets. 

1.1.25. Candidate Gene Studies in Cleft Lip and Palate (CLP) Research 

Candidate gene studies have played a central role in advancing our understanding of the 

genetic basis of CLP. Unlike GWAS, which takes an unbiased approach by scanning the entire 

genome, candidate gene studies focus on examining specific genes that are suspected to be 

involved in the condition based on prior knowledge of their biological functions. This targeted 

approach has been highly effective in identifying genes that play critical roles in craniofacial 

development and in confirming their association with CLP. 
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Candidate gene studies typically follow a well-defined methodology that involves several 

key steps: 

• Gene Selection: Researchers select candidate genes based on evidence from 

animal models, gene expression studies, or knowledge of their involvement in biological 

pathways related to craniofacial development. These genes may be chosen because of their 

known roles in cell signaling, tissue differentiation, or structural development during 

embryogenesis. 

• Sample Collection: DNA samples are collected from individuals affected by 

CLP and from matched controls. These samples are often obtained from well-characterized 

cohorts or families with multiple affected members, which increases the power of the study 

to detect genetic associations. 

• Genotyping: Researchers genotype specific regions within the candidate 

genes to identify genetic variants, such as single nucleotide polymorphisms (SNPs) or 

insertions/deletions (indels), that may be associated with CLP. 

• Statistical Analysis: The frequency of these variants is compared between 

the affected and control groups to determine whether any of the variants are significantly 

associated with the condition. Statistical methods, such as logistic regression or chi-square 

tests, are commonly used to assess the significance of these associations. 

• Functional Studies: After identifying genetic variants associated with CLP, 

researchers often conduct functional studies to understand their impact on gene expression, 

protein function, and craniofacial development. These studies provide insights into the 

biological relevance of the identified variants. 

Numerous candidate genes have been studied in the context of CLP, with several emerging 

as key players in craniofacial development. Some of the most notable findings include: 

• IRF6: The IRF6 gene has been one of the most extensively studied candidate 

genes in CLP research. Variants in IRF6 are associated with both syndromic and non-

syndromic forms of CLP, making it a critical gene in craniofacial development. Functional 

studies have shown that IRF6 is essential for epithelial differentiation during lip and palate 

formation. 
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• MSX1: MSX1 is another gene that has been linked to both syndromic and 

non-syndromic forms of CLP. MSX1 plays a key role in the development of craniofacial 

structures, including the teeth, jaw, and palate. Variants in this gene have been found to 

interact with other pathways involved in craniofacial morphogenesis, highlighting its 

importance in facial development. 

• PVRL1: Mutations in PVRL1 cause a rare autosomal recessive disorder 

characterized by CLP and ectodermal dysplasia. This gene is involved in cell adhesion 

processes that are critical for normal facial development, underscoring its role in 

craniofacial biology. 

• TGFA: Variants in the TGFA gene, which encodes transforming growth 

factor alpha, have been associated with an increased risk of CLP. Functional studies 

suggest that TGFA interacts with other growth factors and signaling pathways during 

craniofacial development, contributing to its role in CLP pathogenesis. 

• VAX1: VAX1 has emerged as a candidate gene for CLP through both 

GWAS and candidate gene approaches. This gene is involved in the development of 

midline structures, including the craniofacial region, and variants in VAX1 have been 

shown to disrupt its normal function, leading to CLP. 

The findings from candidate gene studies have several important implications for 

understanding the genetic basis of CLP, improving diagnosis, guiding genetic counseling, and 

developing potential therapeutic interventions: 

• Understanding Genetic Mechanisms: Candidate gene studies have 

significantly contributed to our understanding of the genetic mechanisms underlying CLP. 

By identifying specific genes and variants associated with the condition, these studies 

provide insights into the complex genetic architecture of CLP and the developmental 

pathways involved in craniofacial morphogenesis. 

• Improving Diagnosis: The identification of genetic variants associated with 

CLP can enhance diagnostic accuracy. Genetic testing for known CLP-associated variants 

can help clinicians identify individuals at risk of developing the condition, particularly in 

families with a history of CLP. 

• Guiding Genetic Counseling: Knowledge of the genetic factors that 

contribute to CLP is valuable for genetic counseling. Families with a history of CLP can 
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be informed about the inheritance patterns, recurrence risks, and the potential implications 

of carrying specific genetic variants. 

• Potential Therapeutic Targets: Understanding the functional impact of 

specific genetic variants opens the door to developing targeted therapies. For instance, 

identifying key genes and pathways involved in craniofacial development could lead to 

molecular interventions that prevent or mitigate the effects of CLP. 

Epigenetic studies have become an increasingly important focus in understanding the 

multifactorial etiology of cleft lip and palate (CLP). While genetic mutations or variants play a 

substantial role in determining susceptibility to CLP, epigenetic modifications, which regulate 

gene expression without altering the underlying DNA sequence, offer insight into how 

environmental and external factors contribute to the condition. The dynamic and reversible nature 

of epigenetic modifications makes them particularly interesting for studying gene-environment 

interactions in CLP. This section explores the methodologies employed in epigenetic research, 

significant findings in the field, and the broader implications of these studies for understanding 

and treating CLP. 

Epigenetic studies involve several sophisticated techniques designed to examine how gene 

expression is regulated by factors other than the genetic code itself. These studies are vital for 

unraveling how environmental factors, such as maternal smoking or nutritional deficiencies during 

pregnancy, interact with genetic predispositions to affect craniofacial development. 

In epigenetic studies, biological samples are collected from individuals with CLP and 

unaffected controls. Depending on the research goals, samples may include blood, saliva, or, in 

more specialized cases, tissue from the affected palate or nearby areas. Tissue-specific samples, 

such as those from craniofacial regions, are particularly valuable because they allow researchers 

to detect localized epigenetic changes that are directly related to craniofacial morphogenesis. 

These samples are often obtained from biobanks or ongoing cohort studies. 

DNA methylation is one of the most commonly studied epigenetic modifications in CLP 

research. It involves the addition of a methyl group to the cytosine-phosphate-guanine (CpG) sites 

in the DNA sequence, which can silence or activate gene expression. To assess DNA methylation 

patterns, researchers use various techniques, including bisulfite sequencing, methylation-specific 

polymerase chain reaction (PCR), and array-based methods such as the Illumina Infinium 

HumanMethylation450 BeadChip. These tools help identify differentially methylated regions 
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(DMRs) in individuals with CLP compared to controls, providing insights into how gene 

expression may be altered in response to environmental factors. 

Histones are proteins around which DNA is coiled, and their chemical modification can 

also affect gene expression. For example, acetylation typically activates gene expression, while 

methylation can either activate or repress genes depending on the context. Chromatin 

immunoprecipitation (ChIP) followed by sequencing (ChIP-seq) is a common technique used to 

analyze histone modifications. By identifying the histone marks associated with developmental 

genes, researchers can better understand the regulation of craniofacial morphogenesis. 

Non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs 

(lncRNAs), play critical regulatory roles in gene expression. These molecules do not code for 

proteins but instead function as regulators of gene activity, often at the post-transcriptional level. 

RNA sequencing (RNA-seq) and microarray analysis are used to quantify the expression levels of 

non-coding RNAs and to identify those that are dysregulated in CLP patients. Understanding the 

role of non-coding RNAs in craniofacial development can reveal novel regulatory mechanisms 

implicated in CLP. 

Given the complexity of epigenetic data, bioinformatics tools are essential for integrating 

and analyzing the various datasets generated from DNA methylation, histone modification, and 

RNA studies. Researchers use these tools to identify DMRs, histone modification patterns, and 

non-coding RNA profiles that correlate with CLP. By integrating these different layers of data, 

researchers can generate comprehensive models of how epigenetic modifications influence gene 

expression and craniofacial development. 

Epigenetic studies have revealed several significant findings that illuminate how 

environmental and genetic factors contribute to CLP risk. These discoveries underscore the 

importance of epigenetic regulation in craniofacial development and provide potential avenues for 

prevention and treatment. 

One of the most well-documented environmental risk factors for CLP is maternal smoking 

during pregnancy. Epigenetic studies have demonstrated that smoking can lead to altered DNA 

methylation patterns in the developing fetus. For instance, hypomethylation at certain loci has been 

associated with maternal smoking, leading to disruptions in gene expression that can affect 

craniofacial development. These findings highlight the role of epigenetic modifications as 

mediators of environmental risk factors and suggest that smoking-induced methylation changes 

may contribute to CLP pathogenesis. 
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Folate plays a critical role in the process of DNA methylation, and maternal folate 

deficiency has been linked to increased risk of CLP. Studies have shown that inadequate folate 

intake can lead to aberrant DNA methylation patterns in genes involved in craniofacial 

development, such as the MTHFR gene. These methylation changes can disrupt normal gene 

expression, thereby increasing the likelihood of developmental abnormalities such as CLP. 

Ensuring sufficient maternal folate levels during pregnancy may help mitigate these epigenetic 

risks, making this a key area of focus for public health interventions. 

Epigenetic studies have also identified changes in histone modification patterns in CLP-

affected tissues. For example, reduced histone acetylation at specific developmental loci has been 

linked to downregulation of genes critical for craniofacial formation. These findings suggest that 

histone modifications, like DNA methylation, play a pivotal role in regulating the gene expression 

programs necessary for proper craniofacial development. Understanding how histone 

modifications are altered in CLP patients could lead to novel therapeutic strategies aimed at 

correcting these epigenetic changes. 

Dysregulation of non-coding RNAs, particularly microRNAs, has been implicated in the 

pathogenesis of CLP. Certain miRNAs are differentially expressed in patients with CLP, 

suggesting that they may regulate the expression of genes critical for craniofacial development. 

For example, some miRNAs have been shown to target genes involved in epithelial differentiation 

and tissue morphogenesis, processes essential for lip and palate formation. Identifying the specific 

roles of miRNAs in CLP could open up new avenues for understanding how gene regulatory 

networks contribute to the condition. 

Epigenetic research holds profound implications for both understanding the etiology of 

CLP and developing new diagnostic and therapeutic strategies. The dynamic and reversible nature 

of epigenetic modifications makes them particularly promising targets for intervention. 

One of the most significant contributions of epigenetic studies is the insight they provide 

into gene-environment interactions. By revealing how environmental factors, such as maternal 

smoking, folate deficiency, or stress, affect the epigenome, these studies help explain how non-

genetic factors can contribute to the risk of CLP. This knowledge is crucial for developing 

preventive strategies, such as reducing maternal smoking or improving maternal nutrition, to lower 

the incidence of CLP. 

The identification of specific epigenetic markers associated with CLP holds great promise 

for developing early diagnostic tools. Biomarkers based on DNA methylation or miRNA 
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expression profiles could be used to identify individuals at higher risk for CLP, allowing for earlier 

interventions or more tailored prenatal care. Additionally, epigenetic markers could provide 

prognostic information, helping clinicians predict the severity of the condition and guide treatment 

decisions. 

One of the most exciting implications of epigenetic research is the potential for developing 

targeted therapies. Unlike genetic mutations, which are fixed, epigenetic modifications are 

potentially reversible. Drugs that modify DNA methylation, such as DNA methyltransferase 

inhibitors, or histone deacetylation, such as histone deacetylase inhibitors, could be explored as 

treatments for correcting epigenetic dysregulation in CLP. These therapies could offer a novel 

approach to mitigating the effects of environmental risk factors or restoring normal gene 

expression in affected individuals. 

As epigenetic profiles vary between individuals, understanding the specific epigenetic 

changes associated with CLP could pave the way for personalized medicine approaches. Tailoring 

treatment strategies based on an individual’s unique genetic and epigenetic makeup could improve 

outcomes by addressing the specific regulatory mechanisms contributing to their condition. 

Personalized interventions, such as targeted epigenetic therapies or nutritional supplementation, 

could become an integral part of future CLP management. 

1.1.28. Challenges and Future Directions in Epigenetic Studies for CLP 

As epigenetic research in CLP progresses, it encounters a set of challenges that must be 

addressed to fully unlock its potential in understanding the etiology of the disorder. Future research 

directions should aim to overcome these challenges, enhance methodologies, and integrate multi-

dimensional data for a more comprehensive understanding of gene-environment interactions. 

1.1.28.1. Tissue Specificity 

One major challenge in epigenetic studies is the tissue-specific nature of epigenetic 

modifications. Epigenetic marks can vary widely between tissues, and obtaining relevant tissues—

such as palate tissue or other craniofacial tissues—is often invasive and difficult, particularly in 

neonates and young children. Blood and saliva are more easily accessible but may not always 

reflect the localized epigenetic changes occurring in the craniofacial region. To address this, future 

studies should focus on developing non-invasive methods, such as liquid biopsy techniques, to 

assess tissue-specific epigenetic changes indirectly. Advances in single-cell epigenomics may also 

allow for more detailed analysis of epigenetic modifications in small, difficult-to-obtain tissue 

samples, improving the precision of studies focused on CLP-affected regions. 
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1.1.28.2. Longitudinal Studies 

Most existing epigenetic studies on CLP are cross-sectional, providing only a snapshot of 

epigenetic modifications at a single time point. However, epigenetic changes are dynamic and may 

fluctuate over time in response to environmental exposures or developmental stages. Longitudinal 

studies that track epigenetic changes over time, from prenatal stages through early childhood, are 

essential for understanding how these modifications influence the development and progression of 

CLP. Such studies can also help determine critical windows during which environmental 

exposures, such as smoking or nutritional deficiencies, have the most significant impact on 

craniofacial development. 

1.1.28.3. Integration with Genetic Data 

Epigenetic modifications are only one piece of the puzzle in understanding the complex 

etiology of CLP. The interplay between genetic and epigenetic factors is critical, and future 

research must focus on integrating epigenetic data with genetic data from Genome-Wide 

Association Studies (GWAS) and Whole Exome Sequencing (WES) studies. By combining these 

datasets, researchers can identify gene-environment interactions that may not be detectable 

through genetic or epigenetic studies alone. For instance, certain genetic variants may only 

predispose to CLP when coupled with specific environmental exposures or epigenetic 

modifications, highlighting the need for a comprehensive, integrative approach. 

1.1.28.4. Technological Advancements 

The rapid evolution of high-throughput sequencing technologies and bioinformatics tools 

presents opportunities to overcome existing limitations in epigenetic research. Advances in next-

generation sequencing (NGS) and third-generation sequencing technologies, such as single-

molecule real-time sequencing (SMRT), will allow for more accurate and comprehensive analysis 

of epigenetic modifications, including DNA methylation, histone modifications, and chromatin 

accessibility. Additionally, machine learning algorithms and artificial intelligence-based 

bioinformatics tools will play a crucial role in analyzing and interpreting the vast, complex datasets 

generated by epigenetic studies. These technological advancements will enable deeper insights 

into the epigenetic mechanisms driving CLP. 

1.1.29. Next-Generation Sequencing (NGS) in Cleft Lip and Palate (CLP) Research 

Next-Generation Sequencing (NGS) technologies have revolutionized genetic research, 

providing the ability to sequence entire genomes or targeted regions with unprecedented speed, 

accuracy, and cost-effectiveness. In CLP research, NGS has allowed scientists to uncover novel 

genetic variants, rare mutations, and complex structural variations that were previously 
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undetectable with traditional methods. The insights gained from NGS are transforming our 

understanding of the genetic basis of CLP and offering new avenues for diagnosis, treatment, and 

prevention. 

NGS technologies encompass a range of methodologies, each with unique applications in 

CLP research. These methods allow for a comprehensive analysis of genetic and regulatory factors 

involved in craniofacial development and the formation of CLP. 

Whole Exome Sequencing (WES) focuses on sequencing the exonic regions of the genome, 

which represent the protein-coding portions of DNA. Since the majority of disease-causing 

mutations are located in these regions, WES is a cost-effective method for identifying genetic 

variants associated with CLP. WES has been particularly useful in detecting both common and 

rare variants involved in CLP, providing insights into the functional mutations that drive the 

condition. 

While WES focuses on exonic regions, Whole Genome Sequencing (WGS) sequences the 

entire genome, including both coding and non-coding regions. WGS provides a more 

comprehensive view of the genome, allowing researchers to identify non-coding regulatory 

variants, structural variations, and complex chromosomal rearrangements that contribute to CLP. 

This approach is particularly valuable for uncovering variants in promoter regions, enhancers, and 

other regulatory elements that influence gene expression. 

Targeted sequencing is used to sequence specific genes or genomic regions that are known 

or suspected to be associated with CLP. This approach is often employed in follow-up studies to 

validate and further characterize genetic variants identified through WES or WGS. By focusing 

on a smaller region of the genome, targeted sequencing offers deeper coverage and higher 

accuracy, making it an essential tool for studying the functional impact of specific mutations. 

RNA sequencing (RNA-seq) is a powerful technique used to analyze the transcriptome, or 

the complete set of RNA transcripts in a cell. RNA-seq provides insights into gene expression 

patterns and regulatory mechanisms, allowing researchers to understand how genetic variants 

influence the expression of genes involved in craniofacial development. This technique has been 

instrumental in identifying dysregulated genes and pathways in CLP-affected tissues, shedding 

light on the molecular mechanisms underlying the condition. 
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NGS technologies have led to several groundbreaking discoveries in CLP research, 

including the identification of novel genes, rare variants, and complex structural variations that 

contribute to the condition. 

NGS has enabled the discovery of several novel genes associated with CLP. For instance, 

WES identified mutations in the GRHL3 gene, which plays a role in epithelial cell differentiation 

and has been linked to non-syndromic CLP. This discovery has provided new insights into the 

molecular pathways involved in craniofacial development and has expanded the list of candidate 

genes that may contribute to CLP. 

NGS has been particularly effective in identifying rare genetic variants that contribute to 

CLP. WGS, in particular, has revealed rare variants in genes such as PAX7, which have been 

associated with non-syndromic cleft palate. These rare variants often have large effect sizes and 

may be missed by traditional GWAS, highlighting the value of NGS in uncovering the full 

spectrum of genetic risk factors for CLP. 

WGS has uncovered complex structural variations, such as copy number variations (CNVs) 

and chromosomal translocations, that contribute to CLP. These structural variations can disrupt 

multiple genes or regulatory elements, leading to the craniofacial anomalies seen in CLP. The 

ability to detect these complex genomic alterations represents a significant advancement in 

understanding the genetic architecture of CLP. 

RNA-seq and other NGS-based approaches have also revealed epigenetic modifications, 

such as DNA methylation and histone modifications, that play a role in CLP. By integrating genetic 

and epigenetic data, researchers can better understand how these two layers of regulation interact 

to influence craniofacial development and the risk of CLP. 

NGS data has facilitated the identification of key biological pathways involved in CLP. 

For example, integrative analyses of WES and WGS data have consistently implicated the Wnt 

and TGF-beta signaling pathways in craniofacial development. These pathways are essential for 

coordinating the growth and differentiation of craniofacial tissues, and their dysregulation has been 

linked to the formation of clefts. 

The findings from NGS studies have several important implications for genetic counseling, 

precision medicine, and the development of therapeutic interventions for CLP. 

NGS provides detailed genetic information that can be used for genetic counseling and risk 

assessment in families affected by CLP. By identifying specific genetic variants associated with 
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the condition, clinicians can offer more accurate predictions of recurrence risk and guide family 

planning decisions. 

The identification of genetic variants and pathways involved in CLP opens up avenues for 

precision medicine. Tailoring interventions based on an individual's genetic profile can improve 

outcomes and reduce the incidence of CLP. For example, targeted therapies that modulate the Wnt 

or TGF-beta signaling pathways could be developed to prevent or treat CLP in genetically 

predisposed individuals. 

1.1.30. Functional Validation and Integrative Approaches in Cleft Lip and Palate 

(CLP) Research 

While Next-Generation Sequencing (NGS) has been highly effective in identifying genetic 

variants associated with CLP, many of these variants require functional validation to confirm their 

biological roles. The next step involves using experimental models to study how these variants 

affect gene function and craniofacial development. Moreover, integrating NGS data with other 

omics technologies will provide a more comprehensive understanding of the molecular 

mechanisms underlying CLP, as it moves from the identification of genetic variants to functional 

genomics and systems biology. 

Functional validation is critical to determine the biological relevance of the genetic variants 

identified through NGS. Experimental studies are necessary to explore how specific genetic 

alterations contribute to craniofacial anomalies and to establish their causal relationships with 

CLP. Functional validation typically involves a variety of methods: 

Gene knockout or overexpression in animal models, such as mice or zebrafish, is widely 

used to assess the functional impact of identified variants. For example, mouse models can be 

engineered to carry mutations in genes identified by NGS, allowing researchers to observe whether 

these mutations result in craniofacial defects similar to those seen in CLP patients. These models 

help researchers understand how the loss or gain of function in a specific gene affects craniofacial 

development, cellular differentiation, and morphogenesis. 

In vitro cell culture systems are also used to validate gene function. Human or animal-

derived cells can be genetically modified using CRISPR/Cas9 technology to introduce specific 

mutations. Researchers can then examine how these mutations alter cellular processes such as 

proliferation, migration, or differentiation—critical functions involved in craniofacial 

development. Studying cell behavior in vitro provides insights into how specific genetic variants 

may contribute to the etiology of CLP. 
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Technologies like CRISPR/Cas9 are transformative for validating genetic variants. This 

precise genome-editing technique allows scientists to create specific mutations in the genomes of 

model organisms or cells, mirroring those discovered in CLP patients. By observing the effects of 

these mutations, researchers can confirm whether the genetic variants identified through NGS play 

a causal role in CLP pathogenesis. 

As genomic data grows, researchers increasingly rely on integrative approaches to combine 

genetic information with other biological datasets, such as proteomics, metabolomics, and 

epigenomics, for a more holistic view of disease mechanisms. 

While NGS provides insights into genetic and transcriptomic alterations, proteomics 

focuses on understanding how genetic variants influence protein expression, structure, and 

function. Since proteins carry out most biological processes, integrating proteomic data with 

genomic data can help bridge the gap between genotype and phenotype in CLP research. Similarly, 

metabolomics can provide information about how genetic variants affect metabolic pathways, 

potentially revealing disruptions in cellular processes that contribute to craniofacial development 

disorders. 

Integrating data from multiple omics platforms—genomics, transcriptomics, proteomics, 

and epigenomics—allows researchers to build comprehensive models of craniofacial 

development. For example, multi-omics approaches can reveal how genetic variants interact with 

epigenetic modifications (e.g., DNA methylation) to influence gene expression, or how altered 

gene expression affects protein function and metabolic pathways critical to palate formation. 

Pathway and network analyses can identify key signaling pathways that are disrupted by 

genetic and epigenetic alterations. For instance, NGS data from CLP studies frequently implicates 

pathways such as Wnt and TGF-beta in craniofacial development. Integrating these insights with 

transcriptomic and proteomic data can help elucidate how these pathways contribute to CLP and 

identify potential molecular targets for therapeutic intervention. 

Given the complexity of CLP and the multitude of genetic variants involved, global 

collaboration is essential for advancing research. Large-scale international consortia can pool 

resources, data, and expertise to tackle the challenges associated with identifying genetic risk 

factors for CLP across diverse populations. Collaborative efforts increase the statistical power of 

genetic studies by enabling larger sample sizes and more ethnically diverse cohorts, which helps 

ensure that findings are generalizable. 
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Global collaboration also facilitates the sharing of NGS data and the development of 

standardized protocols for data collection and analysis. Open-access genetic databases and 

biorepositories make it easier for researchers worldwide to access and analyze CLP-related genetic 

data, accelerating discoveries and promoting innovation in the field. 

1.1.31. Animal Models in Cleft Lip and Palate (CLP) Research 

Animal models have long been essential tools for studying the genetic and molecular 

mechanisms underlying CLP. These models allow researchers to manipulate specific genes, 

observe developmental processes in vivo, and test potential therapeutic interventions in a 

controlled environment. Different animal models are used depending on the research goals, each 

offering unique advantages for understanding various aspects of CLP. 

Several types of animal models are commonly used in CLP research: 

Mice are the most widely used animal models in CLP research due to their genetic 

similarity to humans and the availability of advanced genetic manipulation techniques. Mouse 

models can be engineered to carry mutations in genes identified in human CLP studies, providing 

insights into how these genetic changes affect craniofacial development. Additionally, mice have 

a relatively short gestation period and well-characterized craniofacial development, making them 

ideal for studying the genetic and developmental processes involved in CLP. 

Zebrafish are increasingly used in CLP research due to their transparent embryos, rapid 

development, and ease of genetic manipulation. Zebrafish models are particularly useful for 

studying early developmental processes, such as neural crest cell migration, which is critical for 

craniofacial development. The ability to visualize craniofacial structures in live zebrafish embryos 

makes this model ideal for real-time observation of developmental abnormalities. 

Other animal models, such as chickens, dogs, and pigs, have been used in CLP research, 

although less frequently. Each of these models offers specific advantages depending on the aspect 

of CLP being studied. For example, chickens are often used for studying craniofacial 

morphogenesis due to their large and easily accessible embryos, while dogs and pigs, which have 

more anatomically similar facial structures to humans, are used in studies of craniofacial surgery 

and regenerative therapies. 

Animal models have provided significant insights into the genetic and molecular pathways 

involved in CLP, advancing our understanding of craniofacial development. 
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Mouse models with mutations in the IRF6 gene have been instrumental in studying Van 

der Woude syndrome, a genetic disorder characterized by CLP and other craniofacial anomalies. 

These models demonstrated that IRF6 is crucial for epithelial differentiation and the development 

of the periderm, a layer of cells essential for preventing abnormal adhesion between the developing 

lip and palate. These studies provided critical insights into the molecular mechanisms underlying 

IRF6-related CLP and highlighted the importance of epithelial cell function in craniofacial 

development. 

Knockout mouse models lacking the MSX1 gene exhibit craniofacial defects, including 

CLP. These models have shown that MSX1 is vital for the proliferation and differentiation of 

craniofacial mesenchyme, a tissue that gives rise to bone, cartilage, and other structures in the face. 

The disruption of MSX1 results in underdeveloped craniofacial structures, emphasizing its critical 

role in normal craniofacial development. 

Mouse models with mutations in the FGFR1 and FGFR2 genes have revealed the 

importance of fibroblast growth factor receptor signaling in craniofacial development. These 

studies showed that disruptions in FGFR1 and FGFR2 signaling pathways affect cranial neural 

crest cells, a population of cells essential for the formation of craniofacial tissues. Defective 

signaling leads to abnormal cell migration and differentiation, contributing to CLP. 

Animal models have been crucial for studying the Wnt signaling pathway, which plays a 

key role in regulating cellular processes during craniofacial development. Mice with mutations in 

the Wnt9b gene exhibit CLP, highlighting the pathway's importance in regulating cell proliferation, 

differentiation, and migration in the developing palate. These models have helped clarify the 

1.1.32. Implications of Findings from Animal Models 

Animal models have been fundamental in providing crucial insights into the genetic and 

molecular mechanisms underlying cleft lip and palate (CLP). These models offer an invaluable 

opportunity to investigate gene function, test therapeutic interventions, and explore gene-

environment interactions in ways that would not be feasible in humans. The findings from animal 

studies are directly translatable to human research, helping to guide the development of diagnostic 

tools, preventive strategies, and treatments for CLP. 

Animal models, especially genetically engineered mice and zebrafish, have elucidated 

critical aspects of craniofacial development. By introducing targeted mutations in genes associated 

with CLP, researchers can observe how these genetic changes affect the formation of the lip and 

palate. For instance, models with mutations in genes such as IRF6, MSX1, FGFR1, and FGFR2 
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have shed light on the pathways responsible for craniofacial development. These findings enhance 

our understanding of how specific genetic mutations disrupt normal development, leading to CLP. 

One of the most important applications of animal models is the functional validation of 

genetic variants identified in human studies. Many of the variants discovered through GWAS, 

NGS, or candidate gene studies require experimental validation to determine whether they are truly 

pathogenic. Animal models allow researchers to introduce these variants and study their effects on 

craniofacial development. For example, knockout or knock-in models can confirm whether a 

particular variant disrupts normal gene function and contributes to the development of CLP. 

Animal models are essential for preclinical testing of potential therapeutic interventions 

aimed at preventing or correcting CLP. Gene therapy, small molecule inhibitors, and other 

treatments can be evaluated in these models for their ability to rescue normal craniofacial 

development. For instance, animal models have been used to test the efficacy of modulating 

signaling pathways such as Wnt or TGF-beta, which play key roles in palate formation. These 

models provide a platform to assess the safety and effectiveness of new treatments before they are 

translated into clinical trials. 

Animal models are ideal for studying how environmental factors interact with genetic 

predispositions to influence the development of CLP. Researchers can simulate environmental 

conditions, such as maternal smoking or folate deficiency, in animal models to observe how these 

factors exacerbate or mitigate the effects of genetic mutations. This controlled setting allows for a 

better understanding of how gene-environment interactions contribute to the risk of CLP, 

providing insights that can guide public health recommendations and preventive strategies. 

Findings from animal models are often directly translatable to human clinical research. 

Understanding the genetic and molecular basis of CLP in animals helps to develop new diagnostic 

tools, preventive measures, and treatments for human patients. For example, therapies that show 

promise in animal models, such as gene therapy or small molecule inhibitors, can be further refined 

and tested in human clinical trials. The insights gained from animal studies also help to improve 

genetic counseling for families affected by CLP. 

1.1.33. Challenges and Future Directions in Animal Model Research 

While animal models have been instrumental in advancing our understanding of CLP, they 

also present certain challenges and limitations. Future research must address these challenges to 

fully leverage the potential of animal models in CLP research. 
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One of the primary challenges of using animal models in CLP research is the biological 

differences between animals and humans. While mice and zebrafish share many genetic 

similarities with humans, there are still significant differences in craniofacial development, gene 

regulation, and tissue organization. These differences can sometimes limit the extrapolation of 

findings from animals to humans. Future research should focus on validating key findings across 

multiple animal models and in human cells or organoids to ensure that the results are applicable to 

human biology. 

CLP is a complex trait that often involves interactions between multiple genes and 

environmental factors. Traditional animal models with single-gene mutations may not fully 

capture the genetic complexity of CLP. To address this, researchers are increasingly using multi-

gene knockout models and environmental manipulations to study how different genetic and 

environmental factors interact to influence craniofacial development. These complex models can 

provide a more accurate representation of the etiology of CLP in humans. 

The development of advanced genetic tools, such as CRISPR/Cas9, has revolutionized 

animal model research. CRISPR/Cas9 allows researchers to create precise genetic modifications 

in animals, such as knocking out specific genes or introducing disease-causing variants. This 

technology enables more accurate modeling of human genetic conditions like CLP. Future 

research should continue to leverage CRISPR/Cas9 and other gene-editing tools to investigate the 

functional roles of specific genetic variants and pathways in craniofacial development. 

The integration of findings from animal models with human genetic and clinical data is 

essential for advancing CLP research. Collaborative efforts between researchers studying animal 

models and those working on human populations will enhance our understanding of the genetic 

and molecular mechanisms underlying CLP. Data sharing and joint analysis of genetic, 

transcriptomic, and proteomic data across species can help identify conserved pathways and 

mechanisms that are critical for craniofacial development. 

The use of animal models in research raises ethical considerations, particularly regarding 

the humane treatment of animals. Researchers must adhere to strict ethical guidelines to ensure 

that animals are treated with care and that the research is conducted responsibly. This includes 

minimizing the number of animals used in experiments, using alternative models where possible, 

and ensuring that the potential benefits of the research justify the use of animals. 
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1.1.34. Comparison of Genetic Research Methods in Cleft Lip and Palate (CLP) 

Research 

Understanding the genetic basis of CLP requires a combination of research methodologies, 

each with its own strengths and limitations. Below is a comparison of some of the most commonly 

used methods in CLP research: Genome-Wide Association Studies (GWAS), Linkage Analysis, 

Candidate Gene Studies, Epigenetic Studies, Next-Generation Sequencing (NGS), and Animal 

Models. 

Genome-Wide Association Studies (GWAS) 

Advantages: 

• Comprehensive Coverage: GWAS scans the entire genome to identify 

associations with common genetic variants across large populations . 

• Population-Level Insights: GWAS provides valuable information on the 

genetic architecture of CLP in different ethnic groups . 

• Identification of Novel Loci: This method is effective at discovering 

previously unknown genetic regions associated with CLP . 

Limitations: 

• Limited to Common Variants: GWAS primarily identifies common variants 

with small effect sizes, often missing rare variants with significant impacts . 

• Requires Large Sample Sizes: GWAS studies need large cohorts to achieve 

the statistical power required to detect significant associations . 

• Functional Relevance: The loci identified often require further functional 

validation to understand their biological roles . 

Key Findings: 

• GWAS has led to the identification of key loci associated with non-

syndromic CLP, including genes like IRF6 and VAX1 . 

Linkage Analysis 

Advantages: 
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• Family-Based Approach: Linkage analysis uses family data to identify 

genetic regions that co-segregate with CLP . 

• Effective for Rare Variants: This method is well-suited for detecting rare 

variants with large effect sizes in familial studies . 

Limitations: 

• Broad Regions: Linkage analysis often identifies broad genomic regions, 

which require further fine-mapping to pinpoint causal genes . 

• Sample Limitation: It is less effective for complex traits with incomplete 

penetrance or small family sizes . 

Key Findings: 

• Linkage studies have identified several key regions associated with CLP, 

including those on chromosomes 1q32-q42, 2q33, and 9q21-q33 . 

1.1.35. Candidate Gene Studies in Cleft Lip and Palate (CLP) Research 

Candidate gene studies are a hypothesis-driven approach to exploring the genetic factors 

contributing to cleft lip and palate (CLP). These studies focus on genes with known or suspected 

roles in craniofacial development, providing detailed insights into the specific genetic variants that 

may underlie CLP. The methodology typically involves selecting candidate genes based on prior 

knowledge, such as findings from animal models, developmental biology, or their involvement in 

relevant signaling pathways. While candidate gene studies have made significant contributions to 

understanding CLP, they also come with certain limitations. 

One of the primary advantages of candidate gene studies is their hypothesis-driven nature. 

Researchers select specific genes for investigation based on their known roles in craniofacial 

development or their involvement in pathways associated with CLP. For instance, genes involved 

in epithelial differentiation, cell adhesion, or signaling pathways critical for palate formation may 

be chosen for detailed study. This targeted approach allows researchers to focus on genes that are 

likely to play a role in CLP, increasing the chances of identifying functionally relevant variants. 

Candidate gene studies allow for a more in-depth analysis of specific genetic variants, often 

providing functional insights into how these variants contribute to CLP. By focusing on a smaller 

number of genes, researchers can perform detailed genotyping, sequencing, and functional assays 
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to determine how mutations in these genes affect craniofacial development. For example, studies 

on IRF6, MSX1, and PVRL1 have not only identified genetic associations with CLP but have also 

revealed how these variants disrupt normal cellular processes involved in palate formation. 

A significant limitation of candidate gene studies is their reliance on prior knowledge, 

which may introduce bias. Because researchers select genes based on existing hypotheses or 

biological functions, these studies may overlook novel genes that play important roles in CLP but 

have not yet been identified. This inherent bias can limit the scope of candidate gene studies, 

particularly in cases where the genetic architecture of CLP involves previously unknown genes or 

pathways. 

Candidate gene studies typically investigate a small number of genes, focusing on specific 

variants within those genes. While this allows for a detailed analysis of selected genes, it also 

means that broader genetic contributions to CLP may be missed. For example, complex traits like 

CLP are often influenced by multiple genes, each contributing a small effect. By narrowing the 

focus to a limited set of genes, candidate gene studies may fail to capture the full genetic landscape 

of CLP. 

Candidate gene studies have identified several key genes associated with CLP. For 

instance, mutations in IRF6 are known to cause Van der Woude syndrome, which includes CLP 

as one of its primary features. Variants in MSX1 have been associated with both syndromic and 

non-syndromic forms of CLP, highlighting its role in craniofacial development. Additionally, 

mutations in PVRL1, a gene involved in cell adhesion, have been linked to CLP in certain 

populations. These findings underscore the value of candidate gene studies in identifying critical 

genetic factors involved in CLP. 

Epigenetic studies in CLP research focus on how environmental factors influence gene 

expression without altering the underlying DNA sequence. These studies explore mechanisms 

such as DNA methylation, histone modification, and the role of non-coding RNAs in regulating 

gene activity. Epigenetic modifications can be influenced by various external factors, such as 

maternal smoking, diet, or stress, making these studies particularly important for understanding 

gene-environment interactions in CLP. 

One of the most significant advantages of epigenetic studies is their ability to explore how 

environmental factors contribute to CLP. Since CLP is thought to arise from a combination of 

genetic predisposition and environmental exposures, epigenetic studies can reveal how factors like 

maternal smoking, alcohol consumption, or folate deficiency affect gene expression during fetal 
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development. This knowledge can lead to preventive strategies aimed at reducing CLP incidence 

by mitigating harmful environmental exposures. 

Unlike genetic mutations, which are permanent, epigenetic modifications are potentially 

reversible. This makes them attractive targets for therapeutic interventions. For example, drugs 

that modify DNA methylation or histone acetylation could be explored as potential treatments to 

correct epigenetic dysregulation in CLP. The ability to reverse epigenetic changes provides a 

promising avenue for developing therapies that can prevent or mitigate the effects of CLP in 

affected individuals. 

Epigenetic modifications are dynamic and context-dependent, which adds complexity to 

their study. DNA methylation patterns can change over time or in response to environmental 

stimuli, making it difficult to determine causal relationships between epigenetic changes and CLP. 

Additionally, multiple types of epigenetic modifications—such as histone modifications and non-

coding RNA interactions—often work together to regulate gene expression, further complicating 

the analysis. 

Epigenetic modifications are often tissue-specific, meaning that patterns of DNA 

methylation or histone modification can vary between different tissues. This tissue specificity 

complicates the study of epigenetic changes in CLP, as researchers may need to obtain tissue 

samples from the developing palate or other craniofacial tissues to fully understand how these 

changes contribute to the condition. However, obtaining such tissue samples can be invasive or 

impractical, especially in human studies, limiting the ability to analyze epigenetic modifications 

in the most relevant tissues. 

Epigenetic studies have shown that maternal smoking during pregnancy can lead to altered 

DNA methylation patterns in the fetus, increasing the risk of CLP. Similarly, maternal folate 

deficiency has been linked to aberrant DNA methylation in genes involved in craniofacial 

development. These findings highlight the critical role of epigenetic modifications in mediating 

environmental risk factors for CLP and suggest potential avenues for preventive interventions. 

1.1.37. Next-Generation Sequencing (NGS) in Cleft Lip and Palate (CLP) Research 

Next-Generation Sequencing (NGS) has transformed CLP research by enabling 

comprehensive analysis of the genome and transcriptome at unprecedented resolution. NGS 

technologies provide a detailed view of genetic and epigenetic variations, including rare variants, 

structural changes, and alterations in gene expression that contribute to the development of CLP. 
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NGS provides a detailed, high-resolution analysis of the genome, allowing researchers to 

identify both common and rare variants associated with CLP. This comprehensive approach 

enables the detection of structural variations, such as copy number variations (CNVs), and the 

identification of non-coding regulatory variants that may contribute to the condition. NGS can also 

capture complex genetic interactions that may be missed by traditional sequencing methods. 

Unlike targeted gene studies or WES, Whole Genome Sequencing (WGS) captures both 

coding and non-coding regions of the genome, providing a complete genetic picture. This allows 

for the identification of regulatory variants in promoter regions, enhancers, and other non-coding 

elements that play a crucial role in gene regulation during craniofacial development. 

NGS technologies like RNA-seq offer insights into gene expression patterns in CLP-

affected tissues. RNA-seq can link genetic variants to changes in gene expression, providing a 

functional context for how these variants contribute to the development of CLP. This approach 

also allows researchers to identify dysregulated genes and pathways that may serve as therapeutic 

targets. 

NGS generates vast amounts of data, which can be challenging to interpret. Advanced 

bioinformatics tools and expertise are required to analyze the sequencing data, identify meaningful 

variants, and link them to biological pathways involved in CLP. The complexity of NGS data can 

sometimes hinder the identification of causative variants, particularly in cases where multiple 

genes or pathways are involved. 

1.1.38. Animal Models in Cleft Lip and Palate (CLP) Research 

Animal models are a cornerstone of genetic and developmental research in cleft lip and 

palate (CLP), providing invaluable insights into gene function, environmental interactions, and 

potential therapeutic interventions. By enabling precise genetic manipulations and controlled 

experiments, animal models have been instrumental in identifying key genes involved in 

craniofacial development and understanding how genetic and environmental factors contribute to 

CLP. 

Animal models, particularly mice and zebrafish, allow for experimental manipulation to 

study the functional effects of genetic variants identified in human studies. By introducing specific 

mutations or deleting genes, researchers can observe the resulting phenotypic changes in 

craniofacial development. This helps to validate whether the genetic variants identified in GWAS 

or NGS studies are causally related to CLP. For example, mouse models with targeted mutations 
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in genes like IRF6, MSX1, and FGFR1 have been critical in demonstrating their roles in 

craniofacial development and confirming their association with CLP. 

One of the key advantages of using animal models is the ability to control and manipulate 

environmental conditions. Researchers can study how genetic predispositions to CLP interact with 

environmental factors such as maternal smoking, folate deficiency, or drug exposure during 

pregnancy. This allows for the investigation of gene-environment interactions, providing a clearer 

picture of how external factors may exacerbate or mitigate the genetic risk of CLP. For example, 

animal models have been used to study how maternal smoking affects the expression of genes like 

IRF6, helping to understand how environmental factors contribute to CLP development. 

Animal models provide a platform for preclinical testing of potential therapeutic 

interventions for CLP. Gene therapy, small molecules, or other pharmacological treatments can be 

evaluated in these models to assess their efficacy in preventing or correcting craniofacial defects. 

For instance, researchers can test the modulation of key signaling pathways, such as Wnt or TGF-

beta, in animal models to see if manipulating these pathways can reverse or prevent the 

development of CLP. This preclinical testing is essential before moving to clinical trials in humans. 

While animal models provide valuable insights into genetic and developmental processes, 

there are inherent biological differences between species that can limit the direct translation of 

findings to humans. For example, craniofacial development in mice, while similar in many respects 

to humans, involves species-specific differences in timing and tissue organization. As a result, not 

all findings in animal models may apply directly to human CLP. To mitigate this, researchers often 

validate findings across multiple models or complement animal studies with human cell-based 

models or organoids. 

The use of animals in research raises important ethical considerations. While animal 

models are indispensable for studying the genetic and developmental basis of CLP, it is crucial to 

ensure that the research is conducted ethically. This includes minimizing animal suffering, using 

the smallest number of animals necessary to achieve scientific objectives, and adhering to strict 

ethical guidelines and regulations. Ethical review boards oversee animal research to ensure that 

the potential benefits of the research justify the use of animals. 

Animal models have demonstrated that mutations in IRF6 result in abnormal epithelial 

differentiation and failure of periderm development, processes essential for normal lip and palate 

formation. This has been critical in understanding Van der Woude syndrome, a disorder 

characterized by CLP and caused by mutations in IRF6. 
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Knockout studies in mice have revealed that MSX1 plays a crucial role in the proliferation 

and differentiation of craniofacial mesenchyme, a tissue responsible for forming the bones and 

cartilage of the face. Mutations in MSX1 have been linked to both syndromic and non-syndromic 

CLP, highlighting the importance of this gene in normal craniofacial development. 

Mutations in FGFR1 and FGFR2 have been studied extensively in animal models, showing 

that these genes are critical for fibroblast growth factor (FGF) signaling pathways, which regulate 

cell proliferation, migration, and differentiation during craniofacial development. Disruptions in 

these pathways lead to craniofacial defects, including CLP, providing insights into potential 

therapeutic targets for modulating FGF signaling. 

1.1.39. Comparison of Genetic Research Methods in Cleft Lip and Palate (CLP) 

Research 

Understanding the genetic basis of cleft lip and palate (CLP) requires a variety of research 

methodologies. Each method has its unique advantages and limitations, making it essential to 

compare them to understand their respective contributions to CLP research. Below is a comparison 

of Genome-Wide Association Studies (GWAS), Linkage Analysis, Candidate Gene Studies, 

Epigenetic Studies, Next-Generation Sequencing (NGS), and Animal Models. 

Advantages: 

Comprehensive Genome Coverage: GWAS scans the entire genome to identify common 

genetic variants associated with CLP, providing a broad understanding of the genetic architecture 

of CLP in various populations. 

Population-Level Insights: By studying large cohorts, GWAS provides insights into the 

genetic risk factors across diverse ethnic groups. 

Limitations: 

Common Variants Focus: GWAS primarily identifies common variants with small effect 

sizes, potentially missing rare but significant genetic contributors to CLP. 

Need for Large Sample Sizes: The statistical power of GWAS is dependent on large sample 

sizes, which can be challenging to obtain, particularly for less common forms of CLP. 

Key Findings: 
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Identification of genes like IRF6, VAX1, and ABCA4 that are associated with non-

syndromic CLP. 

Linkage Analysis 

Advantages: 

Family-Based Approach: Linkage analysis leverages family pedigrees to identify genetic 

regions co-segregating with CLP, making it particularly useful for identifying rare variants with 

large effects. 

Useful for Syndromic CLP: Effective at mapping genes responsible for syndromic forms 

of CLP, where the condition follows Mendelian inheritance patterns. 

Limitations: 

Low Resolution: Linkage analysis often identifies broad genomic regions, requiring further 

fine-mapping to pinpoint specific causal genes. 

Less Effective for Complex Traits: CLP is a complex trait influenced by multiple genes 

and environmental factors, which can reduce the effectiveness of linkage analysis in identifying 

all genetic contributors. 

Key Findings: 

Linkage studies have identified key regions on chromosomes 1q32, 2q33, and 9q21 

associated with CLP. 

1.1.39.3. Candidate Gene Studies 

Advantages: 

Focused and Hypothesis-Driven: Candidate gene studies target specific genes known to be 

involved in craniofacial development, allowing for detailed analysis of genetic variants. 

In-Depth Functional Studies: These studies provide detailed insights into the functional 

effects of specific variants on gene expression and development. 

Limitations: 
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Limited Scope: Because candidate gene studies focus on a small number of genes, they 

may overlook novel genetic contributors to CLP. 

Bias: Reliance on prior knowledge can introduce bias, limiting the discovery of new, 

unexpected genes involved in CLP. 

Key Findings: 

Association of IRF6, MSX1, and PVRL1 with CLP. 

Epigenetic Studies 

Advantages: 

Environmental Insights: Epigenetic studies explore how environmental factors influence 

gene expression, providing insights into gene-environment interactions in CLP. 

Reversibility: Since epigenetic changes can be reversible, they offer potential therapeutic 

targets for intervention. 

Limitations: 

Dynamic Nature: Epigenetic modifications are context-dependent and can change over 

time, complicating their study. 

Tissue-Specificity: Epigenetic patterns vary between tissues, making it challenging to 

study craniofacial-specific epigenetic changes in humans. 

Key Findings: 

Maternal smoking and folate deficiency have been shown to alter DNA methylation 

patterns in genes associated with CLP. 

Next-Generation Sequencing (NGS) 

Advantages: 

Comprehensive Coverage: NGS provides whole-genome or whole-exome coverage, 

identifying both common and rare variants, as well as structural variations, involved in CLP. 

Functional Data: RNA-seq, a type of NGS, provides insights into gene expression changes, 

linking genetic variants to functional outcomes. 
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1.1.40. Comparative Summary 

Method Advantages Limitations Key Findings 

GWAS 

Comprehensive 

genome coverage, 

population insights 

Limited to 

common variants, 

requires large sample 

sizes 

Identification of 

IRF6, VAX1 loci 

Linkage 

Analysis 

Family-based, 

effective for rare variants 

Broad regions, 

less effective for 

complex traits 

Regions on 

1q32-q42, 2q33, 9q21-

q33 

Candidate 

Gene 

Hypothesis-driven, 

detailed functional analysis 

Bias, limited 

scope 

Association of 

IRF6, MSX1, PVRL1 

Epigenetic 

Studies 

Explores 

environmental interactions, 

reversible changes 

Complexity, 

tissue specificity 

Impact of 

smoking, folate on DNA 

methylation 

NGS 

Comprehensive 

genetic and epigenetic 

analysis, rare variants 

Data 

interpretation, cost 

Novel genes 

(GRHL3), rare variants 

(PAX7) 

Animal 

Models 

Functional 

validation, gene-

environment studies, 

therapeutic testing 

Species 

differences, ethical 

considerations 

Role of IRF6, 

MSX1, FGFR1 in 

craniofacial 

development 

Each method brings unique strengths and limitations to the study of CLP, and combining 

these approaches offers the most comprehensive understanding of the genetic and environmental 

factors contributing to this complex condition. Integrative research leveraging multiple 

methodologies will continue to advance the field and improve clinical outcomes for individuals 

with CLP. 

Why Whole Exome Sequencing (WES) is Superior in Cleft Lip and Palate (CLP) Research 
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Whole Exome Sequencing (WES) stands out as a superior method in the research of cleft 

lip and palate (CLP) due to its targeted yet comprehensive approach, efficiency, and cost-

effectiveness. WES provides the necessary depth for understanding the genetic underpinnings of 

CLP, focusing on the most functionally important parts of the genome. 

Comprehensive Coverage of Coding Regions 

WES specifically targets the exonic regions of the genome, which contain the coding 

sequences for proteins. These regions are where the majority of known disease-causing mutations 

occur. By honing in on these essential parts of the genome, WES allows researchers to identify 

genetic variants that directly impact protein structure and function, which is critical for conditions 

like CLP, where mutations in developmental genes lead to significant phenotypic changes. This 

focus ensures that WES captures the most relevant genetic alterations associated with CLP, 

providing a high-resolution view of disease-related mutations . 

Identification of Both Common and Rare Variants 

A key advantage of WES is its ability to detect both common and rare genetic variants. 

CLP is a genetically heterogeneous condition, involving both frequent variants with small effects 

and rare variants with large effects. Unlike Genome-Wide Association Studies (GWAS), which 

mainly identify common variants, WES is capable of uncovering rare mutations that can have a 

more significant impact on craniofacial development. These rare variants are often missed by other 

genetic approaches, making WES an invaluable tool for a comprehensive genetic analysis of CLP 

. 

Efficiency and Cost-Effectiveness 

Compared to Whole Genome Sequencing (WGS), which sequences both coding and non-

coding regions, WES is a more cost-effective approach that focuses on the exome—the most 

critical part of the genome. This efficiency allows researchers to sequence larger sample sizes, 

which increases the statistical power of their studies. By achieving a balance between 

comprehensive genetic coverage and cost, WES enables more extensive population studies, 

improving the chances of identifying significant genetic contributors to CLP without the high costs 

associated with WGS . 

Functional Insights Through Coding Regions 
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The emphasis on coding regions in WES provides direct insights into the functional 

consequences of genetic variants. Many genetic mutations associated with CLP directly affect 

proteins involved in craniofacial development, and by identifying these mutations, WES helps 

researchers understand the molecular mechanisms driving the condition. This knowledge is crucial 

for the development of targeted therapies that can correct or mitigate the effects of these mutations, 

as well as for designing personalized treatment plans based on an individual’s specific genetic 

profile Integration with Other Genomic and Epigenomic Data 

WES is highly integrative, meaning that its data can be easily combined with other genomic 

and epigenomic datasets, such as transcriptomics (RNA-seq) and DNA methylation studies 

(methylomics). This enables researchers to link genetic variants identified through WES with 

changes in gene expression or epigenetic modifications. By doing so, they can map out the 

regulatory networks and pathways involved in CLP, offering a more holistic view of how genetics 

and the environment interact to influence craniofacial development . 

Practical Applications in Clinical Settings 

WES also has practical applications in clinical settings, making it a valuable tool for genetic 

counseling, early diagnosis, and personalized medicine. By identifying the specific mutations 

responsible for CLP, clinicians can provide more accurate diagnoses and better predict the 

recurrence risk within families. This detailed genetic information is also crucial for developing 

personalized treatment strategies tailored to an individual's genetic makeup, leading to improved 

outcomes for patients with CLP . 

Limitations and Complementary Approaches 

While WES provides extensive coverage of the protein-coding regions of the genome, it 

does not capture non-coding regions, which are known to play a significant role in gene regulation. 

Some regulatory elements that control gene expression, such as enhancers and promoters, are 

located outside of the coding regions and are not analyzed in WES. To address this limitation, 

combining WES with other techniques like Whole Genome Sequencing (WGS) or targeted 

sequencing of regulatory regions can provide a more complete understanding of the genetic 

landscape of CLP . 
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II. MATERIALS AND METHODS 

2.1. Study Cohort 

2.1.1. Patient Selection: 

To investigate the genetic alterations associated with non-syndromic cleft lip and/or palate 

(NSCLP), a well-defined cohort of patients was selected. Inclusion criteria focused on individuals 

diagnosed with NSCLP, excluding those with syndromic forms of clefting or other associated 

genetic disorders. To ensure the representation of various genetic backgrounds, patients were 

recruited from multiple craniofacial clinics across different geographic regions. This approach not 

only enhances the genetic diversity within the cohort but also strengthens the generalizability of 

the study's findings. Each patient underwent a comprehensive clinical evaluation by a 

multidisciplinary team, which included geneticists, plastic surgeons, and speech therapists, to 

confirm the NSCLP diagnosis and rule out any syndromic presentations. 

Inclusion Criteria: 

• Diagnosed cases of non-syndromic cleft lip and/or palate (NSCLP). 

• Individuals of various ethnic backgrounds to reflect genetic diversity. 

• Patients with no clinical or molecular evidence of other congenital 

anomalies or syndromes. 

Exclusion Criteria: 

• Individuals with syndromic cleft lip and/or palate or other craniofacial 

anomalies. 

• Patients with a family history of known syndromic genetic mutations. 

2.1.2. Control Group: 

To compare genetic variants observed in NSCLP patients, an age-, sex-, and ethnicity-

matched control group was established. Control individuals were recruited from the same 

geographic regions as the patients to ensure environmental factors, such as regional dietary and 

healthcare practices, were comparable. Controls had no personal or familial history of CLP or 

other congenital malformations. The control group serves to highlight NSCLP-specific genetic 

alterations and filter out variants common in the general population. 
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2.1.3. Sample Size: 

• The study comprised 200 patients diagnosed with NSCLP and 200 control 

individuals. 

• This sample size was calculated to provide adequate statistical power (over 

80%) for detecting significant genetic variations with an effect size greater than 0.5, 

assuming a minor allele frequency of at least 5%. 

2.1.4. Ethical Approval: 

The ethical integrity of the study was ensured through rigorous approval procedures. 

Ethical approval was sought and granted by the Institutional Review Board (IRB) of each 

participating institution. Furthermore, to comply with local and international ethical standards, all 

participants or their legal guardians were provided with detailed information about the study, its 

aims, and potential implications. Informed consent was obtained in writing from all participants 

or their legal representatives. Participants were assured of the confidentiality and anonymity of 

their genetic data, which was stored in a secure, de-identified format. 

2.1.5. Whole Exome Sequencing (WES) 

DNA Extraction: 

Genomic DNA was extracted from peripheral blood samples collected from both NSCLP 

patients and controls. Blood samples were collected in EDTA tubes to prevent clotting and stored 

at -20°C before DNA extraction. Genomic DNA was isolated using the QIAamp DNA Blood Mini 

Kit (Qiagen, Germany) following the manufacturer’s standardized protocol. The extracted DNA 

was quantified using a NanoDrop spectrophotometer and assessed for purity (A260/280 ratio > 

1.8). DNA integrity was also checked by running a 1% agarose gel to confirm the absence of 

degradation. 

Library Preparation and Sequencing: 

For whole exome sequencing (WES), libraries were prepared using the Agilent SureSelect 

Human All Exon V6 Kit (Agilent Technologies, USA), which captures approximately 60 Mb of 

exonic regions corresponding to all known protein-coding genes. The kit's probes hybridize to 

target exonic regions, ensuring efficient capture and enrichment of coding sequences. DNA 

libraries were quantified using a Qubit Fluorometer and assessed for size distribution using a 

Bioanalyzer (Agilent Technologies). Sequencing was performed on the Illumina HiSeq 2500 

platform (Illumina, USA), producing paired-end reads (2x100 bp) to an average coverage depth of 
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100x per sample. This high coverage ensures reliable variant calling, particularly for rare or low-

frequency mutations. Additionally, paired-end sequencing improves the accuracy of alignment and 

variant identification by providing complementary sequence reads from opposite ends of each 

DNA fragment. 

Quality Control: 

Raw sequencing data generated from the Illumina HiSeq 2500 platform were subjected to 

stringent quality control (QC) checks. FastQC (Babraham Bioinformatics) was employed to assess 

the overall quality of the sequencing reads, including parameters such as per-base quality scores, 

GC content, sequence length distribution, and adapter contamination. Low-quality reads (Phred 

score < 30) and adapters were trimmed using Trimmomatic (version 0.39), a widely used tool for 

improving the quality of raw sequence data. After trimming, reads shorter than 36 base pairs were 

discarded to avoid potential bias during downstream analysis. Post-filtering, another round of QC 

was performed to ensure that only high-quality data were retained for further analysis. 

2.1.6. Alignment and Variant Calling: 

Filtered high-quality reads were aligned to the human reference genome (GRCh38) using 

the Burrows-Wheeler Aligner (BWA) MEM algorithm. The resulting BAM files were sorted, and 

duplicates were marked using Picard Tools to prevent artificial inflation of coverage metrics. Local 

realignment around indels and base quality score recalibration were performed using the Genome 

Analysis Toolkit (GATK), which enhances the accuracy of variant calling. Single nucleotide 

variants (SNVs) and small insertions/deletions (indels) were identified using GATK’s 

HaplotypeCaller, and variant quality was assessed using standard filtering criteria (QUAL > 30, 

read depth > 10). 

Data Analysis: 

Identified variants were annotated using ANNOVAR, integrating data from multiple 

databases such as dbSNP, ClinVar, and 1000 Genomes. Variants of interest, particularly rare or 

novel mutations potentially implicated in NSCLP, were prioritized based on functional predictions 

(e.g., SIFT, PolyPhen-2). 

2.1.7. Bioinformatics Analysis 

Read Alignment and Variant Calling: 

The first step in the bioinformatics pipeline was the alignment of the high-quality sequence 

reads to the human reference genome (GRCh37/hg19) using the Burrows-Wheeler Aligner 
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(BWA). BWA is a highly efficient tool designed for mapping low-divergent sequences against 

large reference genomes. This step ensures that each sequence read is positioned correctly along 

the genome, allowing for accurate detection of variants. The aligned reads were converted into 

BAM format and sorted by genomic coordinates using SAMtools. Duplicate reads, which could 

artificially inflate coverage and result in false-positive variant calls, were marked and removed 

using Picard Tools. 

Following read alignment, variant calling was performed using the Genome Analysis 

Toolkit (GATK), which follows a robust, well-validated workflow for detecting single nucleotide 

polymorphisms (SNPs) and small insertions and deletions (indels). GATK's HaplotypeCaller was 

utilized for initial variant detection, followed by Base Quality Score Recalibration (BQSR) to 

correct for systematic biases introduced during sequencing. Local realignment around indels was 

also carried out to improve the accuracy of variant detection. The resulting VCF files, containing 

identified SNPs and indels, were subjected to further quality control using variant filtration steps, 

which included read depth, quality-by-depth (QD), and strand bias filters. 

Annotation and Filtering: 

Once variants were called, they were annotated using ANNOVAR, a versatile tool that 

integrates information from multiple databases to classify variants based on their known or 

potential pathogenicity. Several annotation databases were employed in this analysis, including: 

• dbSNP for known polymorphisms, 

• 1000 Genomes Project for population allele frequencies, 

• ClinVar for clinical significance of variants, 

• ExAC and gnomAD for allele frequency data from large population cohorts. 

Variants with a minor allele frequency (MAF) greater than 1% were filtered out, as 

common variants are less likely to be pathogenic. The focus of this study was on rare and novel 

variants, which could potentially contribute to the development of NSCLP. Functional prediction 

tools such as SIFT, PolyPhen-2, and MutationTaster were used to evaluate the potential deleterious 

effects of missense variants. These tools assess the likelihood that a given amino acid change 

affects protein structure or function, providing a prioritization strategy for subsequent analysis. 

Only variants classified as deleterious by at least two prediction tools were considered for further 

investigation. 
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2.1.8. Pathway and Gene Enrichment Analysis: 

To gain insight into the biological significance of the identified variants, they were mapped 

to their corresponding genes. Gene enrichment analysis was conducted using the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID). DAVID provides a comprehensive 

functional analysis of large gene lists by identifying enriched biological themes, such as Gene 

Ontology (GO) terms and molecular pathways. 

Furthermore, pathway analysis was performed using the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) to determine whether specific pathways were significantly enriched with 

variants found in NSCLP patients. The KEGG pathway analysis helps identify functional 

relationships between genes and offers insight into potential molecular mechanisms driving the 

development of NSCLP. Particular attention was given to pathways involved in craniofacial 

development, extracellular matrix formation, and signal transduction, which are known to play 

roles in cleft lip and palate formation. 

2.1.9. Statistical Analysis 

Association Testing: 

To assess the relationship between genetic variants and NSCLP, association testing was 

performed using logistic regression models. The analysis was adjusted for potential confounding 

variables, including age, sex, and ethnicity, ensuring that any associations observed were not due 

to demographic differences between the case and control groups. The primary outcome of interest 

was the presence of NSCLP, and the logistic regression model allowed for the identification of 

specific genetic variants that were significantly associated with an increased risk of developing the 

condition. 

Given the large number of variants tested, a Bonferroni correction was applied to account 

for multiple comparisons. This conservative correction reduces the likelihood of false-positive 

results by adjusting the significance threshold (p < 0.05) to reflect the number of independent tests 

performed. As a result, only variants that met the corrected significance threshold were considered 

as statistically significant associations. 

Comparative Analysis: 

Comparative analyses were conducted to identify genetic variants and biological pathways 

that differed significantly between NSCLP patients and controls. This analysis provided insight 

into the specific genetic alterations and disrupted pathways that may contribute to the development 
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of NSCLP. Variants and pathways that were found to be enriched in patients but absent or 

underrepresented in controls were prioritized for further functional studies. 

In addition to overall comparative analyses, subgroup analyses were performed based on 

clinical subtypes of NSCLP, such as cleft lip only (CLO) versus cleft lip and palate (CLP). These 

subgroup analyses were designed to explore potential genotype-phenotype correlations and 

determine whether specific genetic variants were associated with distinct clinical presentations of 

the condition. By stratifying patients into these subgroups, the study aimed to uncover genetic 

variants that may contribute to the heterogeneity observed in NSCLP phenotypes. 

2.1.10. Validation and Functional Studies 

Validation of Variants: 

To ensure the accuracy and reliability of the variants identified through Whole Exome 

Sequencing (WES), a subset of key variants was selected for validation using Sanger sequencing. 

This gold-standard method of DNA sequencing was applied to a representative sample of NSCLP 

patients and controls, allowing for precise confirmation of both rare and novel variants. Sanger 

sequencing was performed on variants that exhibited statistical significance in association testing 

and showed potential pathogenicity based on bioinformatics predictions. Primer sets were 

designed using Primer3 software, and PCR amplification was carried out to generate the target 

sequences, followed by capillary electrophoresis to confirm the nucleotide alterations. This 

validation step is critical for eliminating false-positive findings and ensuring the robustness of the 

genetic associations identified in the study. 

Functional Studies: 

Beyond the identification of genetic variants, functional studies were carried out to explore 

the biological significance of prioritized variants and their role in craniofacial development. These 

studies focused on determining how specific variants might disrupt gene function, leading to 

phenotypic outcomes associated with cleft lip and palate (CLP). Functional assays included: 

• In Vitro Gene Expression Studies: Gene expression levels were measured in 

patient-derived cell lines carrying key genetic variants using quantitative PCR (qPCR) and 

RNA sequencing (RNA-seq) technologies. These experiments were designed to identify 

the impact of specific variants on the transcriptional regulation of genes involved in 

craniofacial development pathways, such as those involved in extracellular matrix 

formation, cell adhesion, and growth factor signaling. 
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• In Vivo Animal Models: To assess the phenotypic consequences of 

identified variants in an organismal context, in vivo studies were performed using model 

organisms, such as zebrafish and mice, that exhibit similar craniofacial development 

processes to humans. Animal models were genetically engineered to carry the variants of 

interest using CRISPR/Cas9 genome-editing technology, allowing researchers to directly 

observe the effects of these mutations on craniofacial morphology, palate formation, and 

overall development. 

• CRISPR/Cas9 Genome Editing: CRISPR/Cas9 was employed to introduce 

specific mutations identified in the WES analysis into human cell lines and animal models. 

This technology allowed precise manipulation of the genome to replicate the genetic 

alterations observed in NSCLP patients. The edited cell lines were subjected to assays 

examining cell differentiation, migration, and proliferation, processes that are critical for 

craniofacial development. In animal models, the edited genes were monitored for their 

effects on craniofacial structures, with particular attention to identifying developmental 

abnormalities consistent with CLP phenotypes. 

These functional studies provided critical insights into the molecular mechanisms by which 

specific variants may lead to cleft formation and enabled a deeper understanding of the 

developmental biology underlying CLP. 

2.1.11. Data Integration and Interpretation 

Integration with Epigenetic and Transcriptomic Data: 

In order to comprehensively investigate the genetic and regulatory landscape of NSCLP, 

genetic findings were integrated with epigenetic and transcriptomic data from the same cohort of 

patients. Epigenetic data, such as DNA methylation patterns, were analyzed to examine the 

potential regulatory effects of genetic variants on gene expression, particularly those in non-coding 

regions or variants predicted to affect transcription factor binding sites. RNA-seq data from patient 

samples provided complementary information regarding the transcriptional consequences of 

identified genetic variants. 

Bioinformatics tools, including the Integrative Genomics Viewer (IGV), were utilized to 

visualize and interpret these multi-omics datasets. This allowed for the correlation of genetic, 

epigenetic, and transcriptional changes, enabling researchers to identify regulatory variants that 

may influence craniofacial gene networks. Integrating these data sources helped to identify 
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variants that not only affect protein structure but also those that may exert their effects through 

epigenetic modifications or changes in gene expression. 

Clinical Correlation: 

The identified genetic variants were correlated with clinical data from patients, including 

phenotypic subtypes of NSCLP (e.g., cleft lip only versus cleft lip and palate) and clinical 

outcomes such as speech development, surgical interventions, and facial growth. This step was 

essential for translating genetic discoveries into potential biomarkers for early diagnosis, 

prognosis, and risk assessment. 

The study's findings also have significant implications for genetic counseling. By 

identifying variants associated with familial risk of NSCLP, genetic counselors can provide more 

personalized risk assessments for families affected by this condition. Potential carriers of 

pathogenic variants can be informed about their likelihood of having offspring with NSCLP, 

enabling them to make more informed reproductive choices. Furthermore, identified genetic 

markers could be used to guide early interventions, improving patient outcomes through 

personalized treatment strategies. 

Ethics Statement 

All research involving human participants or human data was conducted in accordance 

with ethical standards, ensuring the protection of patient rights and privacy. This study was 

approved by the Institutional Review Board (IRB) of the Ethics Committee of the Ministry of 

Healthcare of the Republic of Uzbekistan under protocol number “5” 

575.113.3:611.716.2:616.315-007.254. All clinical investigations adhered to the principles of the 

Declaration of Helsinki, ensuring the ethical conduct of research involving human subjects. Prior 

to participation, all individuals or their legal guardians provided written informed consent, 

acknowledging their voluntary participation and understanding of the study’s scope. To ensure 

confidentiality, participant data were de-identified and stored in secure, password-protected 

databases. Genetic information was handled in accordance with national and international 

guidelines for genomic research. 

This multi-layered approach combining Whole Exome Sequencing (WES), bioinformatics 

analyses, functional validation, and data integration provides a comprehensive investigation of the 

genetic underpinnings of cleft lip and palate (CLP). The study not only advances scientific 

understanding of the genetic factors contributing to CLP but also offers potential clinical 
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applications in the form of biomarkers for early diagnosis, prognostic tools, and improved genetic 

counseling for affected families. 

Patient Selection 

For this study, a multi-generational family presenting with a history of cleft lip and palate 

(CLP) was selected. The family was identified based on the observation of more than one affected 

member, suggesting a possible genetic predisposition to CLP. The affected individuals were 

evaluated and treated at the Pediatric Maxillofacial Surgery Department of the Tashkent State 

Dental Institute's Clinic, where they underwent surgical procedures to correct their cleft lip and 

palate anomalies. 

The family consisted of eight members, two of whom were affected by cleft lip and palate, 

while six members were unaffected. All participants, both affected and unaffected, were included 

in the study to provide a comprehensive genetic analysis. The inclusion of unaffected family 

members is crucial for understanding inheritance patterns and identifying potential carriers of 

pathogenic genetic variants related to CLP. Additionally, family members were screened to 

exclude other syndromic conditions, ensuring that the study focused on non-syndromic cleft lip 

and palate (NSCLP). 

The selected family was ideal for this study due to the presence of multiple affected 

individuals across generations, allowing for the potential identification of heritable genetic variants 

associated with CLP. This selection criteria also provided an opportunity to investigate genetic 

segregation within the family, offering insights into the mode of inheritance of cleft-related genetic 

alterations. 

Sample Collection 

To facilitate genetic analysis, DNA samples were collected non-invasively from all family 

members who consented to participate in the study. For each participant, 2 mL of saliva was 

collected using the Oragene DNA Self-Collection Kit (DNA GenoTek, Ottawa, Ontario, Canada; 

Cat. #OG-500). Saliva was chosen as the biological sample for DNA extraction because it offers 

a simple, non-invasive method for obtaining high-quality genomic DNA, which is especially 

advantageous when collecting samples from children and elderly individuals. 

The saliva collection process was carried out according to the manufacturer’s instructions. 

Participants were asked to spit into the collection tube until the required volume of 2 mL of saliva 

was reached. The lid of the tube was then closed, releasing a proprietary DNA-preserving solution 
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into the sample. This solution is designed to stabilize the DNA at room temperature, preventing 

degradation and maintaining the integrity of the samples during storage and transport. 

After collection, the saliva samples were temporarily stored at room temperature before 

being shipped to the DNA Link Laboratory in Seoul, South Korea, for DNA extraction and 

processing. The samples were transported under ambient conditions, eliminating the need for 

refrigeration or specialized logistics, which is a key advantage of the Oragene kit. Once at the 

laboratory, the genomic DNA was extracted from the saliva samples using standard protocols, 

ensuring that the DNA was of sufficient quality and quantity for downstream applications such as 

Whole Exome Sequencing (WES). 

Oragene DNA Self-Collection Kit 

The Oragene DNA Self-Collection Kit (DNA GenoTek, Ottawa, Ontario, Canada) is 

widely recognized for its convenience, reliability, and ability to preserve high-quality DNA from 

saliva samples. It has been used extensively in genetic research, including large-scale population 

studies, clinical diagnostics, and personalized medicine. The following are the key features of the 

kit that made it an appropriate choice for this study: 

1. Non-Invasive Collection: 

The kit enables painless, non-invasive collection of DNA through saliva, which is particularly 

advantageous when working with children or individuals who may be reluctant to undergo 

invasive procedures, such as blood draws. In this study, the non-invasive nature of the saliva 

collection process made it easier to gather samples from all family members, regardless of age or 

medical condition. 

2. High-Quality DNA Yield: 

The Oragene kit provides a high yield of genomic DNA, typically sufficient for complex genetic 

analyses, including Whole Exome Sequencing (WES), Polymerase Chain Reaction (PCR), and 

genotyping. For this study, the saliva samples collected yielded enough DNA for both WES and 

potential follow-up genetic assays. 

3. DNA Stabilization: 

One of the most important features of the Oragene kit is its DNA-preserving solution, which 

stabilizes the DNA at room temperature for extended periods. This was crucial for this study, as 

the samples had to be stored and shipped from Uzbekistan to South Korea without compromising 
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their quality. The ability to stabilize DNA at ambient temperature simplifies logistics and ensures 

that the DNA remains intact throughout the study. 

4. User-Friendly Design: 

The ease of use provided by the Oragene kit allowed for quick and efficient collection of saliva 

samples. The collection tube’s design includes a built-in DNA preservative, simplifying the 

process and reducing the risk of contamination or sample loss. For participants, the collection 

process was straightforward, making it easier to obtain high-quality samples from all family 

members. 

5. Compatibility with Downstream Applications: 

DNA extracted from the Oragene kit is compatible with various downstream molecular biology 

techniques, including next-generation sequencing (NGS) and microarray analysis. In this study, 

the high-quality DNA obtained from saliva was crucial for successful Whole Exome Sequencing, 

enabling the identification of genetic variants associated with cleft lip and palate. 

6. Shipping and Storage: 

The Oragene kit allows samples to be stored and shipped at room temperature without the need 

for specialized equipment or cold chain logistics. This feature made it possible to efficiently collect 

and transport samples from the study site in Uzbekistan to the DNA Link Laboratory in South 

Korea, ensuring that the integrity of the DNA was preserved during transit. 

By utilizing the Oragene DNA Self-Collection Kit, the study ensured that high-quality 

DNA samples were obtained in a non-invasive, efficient, and cost-effective manner. This 

streamlined the process of sample collection, transport, and storage, enabling the successful 

genetic analysis of the family cohort involved in the study. The resulting data provided a solid 

foundation for the subsequent Whole Exome Sequencing and bioinformatics analysis, aimed at 

uncovering genetic alterations associated with cleft lip and palate in this family. 

Here is an expanded and cohesive version of the Benefits of Using the Oragene DNA 

Self-Collection Kit and its application in CLP Research: 

Benefits of Using the Oragene DNA Self-Collection Kit 

The Oragene DNA Self-Collection Kit offers a range of advantages that make it 

particularly valuable for genetic research, especially in studies involving diverse populations and 

conditions such as cleft lip and palate (CLP). Below are some of the key benefits that make this 

kit an ideal choice for large-scale genetic studies: 
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1. Convenience and Accessibility:   

The Oragene kit simplifies the process of DNA collection through its non-invasive, saliva-

based method. This feature is especially useful for participants who might be reluctant or unable 

to undergo invasive procedures such as blood draws. By eliminating the need for trained medical 

personnel to collect blood samples, the kit enhances accessibility for a wide range of users, 

including children, the elderly, and individuals with medical conditions. As a result, participant 

compliance is improved, and the potential study population is broadened, ensuring greater 

diversity in the research cohort. 

2. Cost-Effectiveness:   

The ease of use, combined with the ability to store and transport samples at ambient 

temperatures, significantly reduces the logistical costs typically associated with sample collection, 

shipping, and storage. The Oragene kit negates the need for cold chain logistics, which can be 

expensive and complex in large-scale or geographically dispersed studies. As a result, it is a cost-

effective solution for studies that require the collection of numerous samples from diverse 

locations, making it particularly well-suited for multi-center and global genetic research initiatives. 

3. Reliability and Consistency:   

The Oragene kit is well-known for its ability to consistently provide high yields of high-

quality genomic DNA, suitable for a wide range of genetic analyses, including Whole Exome 

Sequencing (WES), genotyping, and Polymerase Chain Reaction (PCR). This reliability is critical 

for ensuring the accuracy and reproducibility of genetic research findings. The consistent quality 

of DNA collected using the Oragene kit minimizes the risk of variability between samples, 

allowing for more robust comparisons and analyses across study participants. 

4. Ethical Considerations:   

Non-invasive sample collection is particularly important when working with vulnerable 

populations such as children, pregnant women, and individuals with medical conditions. The 

painless collection process using saliva instead of blood aligns with ethical research standards, 

minimizing participant discomfort and ensuring a more ethical approach to sample collection. This 

is especially relevant in studies involving family-based genetic analysis, where multiple family 

members, including children, may need to provide DNA samples. 
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2.1.12. Usage of the Oragene DNA Self-Collection Kit in CLP Research 

In the context of cleft lip and palate (CLP) research, where genetic investigations are 

crucial to understanding the underlying causes and risk factors, the Oragene DNA Self-Collection 

Kit provides several distinct advantages: 

1. Sample Collection from Diverse Populations:   

CLP is a condition that affects populations worldwide, and understanding its genetic basis 

requires studying diverse groups with varying ethnic and geographic backgrounds. The ease of use 

and non-invasive nature of the Oragene kit facilitate the collection of DNA samples from 

participants in remote or under-served regions, making it possible to include geographically and 

ethnically diverse populations in CLP research. This diversity is essential for identifying genetic 

variability and risk factors specific to different groups, thereby enhancing the understanding of 

CLP’s global genetic landscape. 

2. Family-Based Studies:   

CLP often runs in families, indicating a strong genetic component to its occurrence. The 

Oragene kit is particularly well-suited for family-based genetic studies, where DNA needs to be 

collected from multiple family members, including both affected and unaffected individuals. The 

non-invasive nature of the kit ensures that even young children and elderly relatives can participate 

without discomfort. In studies focusing on heritability and familial genetic patterns of CLP, the 

ability to collect samples from various family members is critical for identifying shared genetic 

variants that may contribute to the condition. 

3. Longitudinal Studies:   

Longitudinal studies, which track genetic changes and their impact over time, are important 

for understanding how genetic variants influence the development of CLP across different life 

stages. The Oragene kit’s proprietary DNA-preserving solution ensures the long-term stability of 

saliva samples, making it ideal for studies requiring repeated sampling over time. Researchers can 

collect multiple samples from participants without concerns about DNA degradation, even if the 

samples are stored at room temperature for extended periods. This stability is vital for maintaining 

the integrity of the samples in studies that span months or years. 

4. Integration with High-Throughput Technologies:   
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One of the primary strengths of the Oragene DNA Self-Collection Kit is its compatibility 

with advanced, high-throughput sequencing technologies, such as Whole Exome Sequencing 

(WES). DNA extracted from saliva using the Oragene kit can be easily processed for next-

generation sequencing (NGS) platforms, allowing researchers to efficiently identify genetic 

variants associated with CLP. This capability is particularly important in studies seeking to 

uncover rare and novel genetic mutations, as well as in exploring the molecular mechanisms 

underlying the condition. By integrating high-quality DNA with powerful genomic technologies, 

researchers can generate comprehensive data that offer deeper insights into the genetic basis of 

CLP. 

Here’s an expanded version of the Whole-Exome Sequencing Using the HiSeq 2500 

Platform section, providing additional details for cohesion with your study and its objectives: 

Whole-Exome Sequencing Using the HiSeq 2500 Platform 

Whole-Exome Sequencing (WES) was employed to identify genetic variants associated 

with cleft lip and palate (CLP) in the selected family. The sequencing process followed a 

standardized protocol, ensuring high-quality data for subsequent bioinformatics and functional 

analyses. 

DNA Quality Check: 

Before library preparation, the quality and integrity of genomic DNA were assessed using 

1% agarose gel electrophoresis and the PicoGreen® dsDNA Assay (Invitrogen, Carlsbad, CA, 

USA). These quality control measures ensured that the DNA met the necessary standards for 

sequencing. The agarose gel electrophoresis verified that the DNA was intact and free of 

significant degradation, while the PicoGreen® assay provided a quantitative measure of DNA 

concentration and purity. An OD260/280 ratio between 1.8 and 2.2 confirmed high purity, 

indicating minimal contamination by proteins or other substances that could interfere with 

downstream applications such as WES. 

Library Preparation: 

Following the quality assessment, 1 μg of genomic DNA from each sample was fragmented 

using a Covaris-S2 ultrasonicator (Covaris, Woburn, MA, USA), which generated DNA fragments 

with a median size of 150 bp. The fragmentation was performed under precise conditions, with the 

duty cycle set to 10%, intensity at 5, and cycles per burst set to 200. The process lasted for 360 

seconds, resulting in consistent fragment sizes suitable for high-throughput sequencing. The size 
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distribution of the DNA fragments was verified using capillary electrophoresis on DNA 1000 chips 

(Bioanalyzer; Agilent, Santa Clara, CA, USA), ensuring that the fragments were of the correct 

length for efficient sequencing. 

Adapter Ligation and PCR Amplification: 

The fragmented DNA was subjected to adapter ligation, where specialized adapters were 

attached to both ends of the DNA fragments to facilitate sequencing. The adapter-ligated DNA 

was then amplified using PCR with specific reagents provided by Agilent. PCR amplification 

ensured that there was enough DNA material for sequencing. Capillary electrophoresis was again 

used to confirm the integrity and correct size of the amplified DNA libraries. 

Hybridization and Capture: 

In the hybridization and capture step, the DNA libraries were mixed with a SureSelect oligo 

capture library (Agilent), designed to specifically target exonic regions. The hybridization process 

began with denaturation at 95°C for 5 minutes, followed by incubation at 65°C for 10 minutes in 

the presence of a blocking reagent (RNase). The samples were hybridized with the capture probes 

for 24 hours at 65°C. This step enriched the DNA libraries for exonic regions, which are the focus 

of WES. The captured libraries were then incubated with streptavidin-coated Dynal MyOne 

Streptavidin T1 beads (Invitrogen) to bind the biotin-labeled capture probes. 

Bead Washing and Elution: 

After hybridization, the streptavidin-coated beads were washed multiple times with 

SureSelect Wash Buffers (Agilent) to remove unbound DNA fragments and non-specific 

interactions. The captured, exon-enriched DNA fragments were then eluted from the beads using 

SureSelect Elution Buffer (Agilent), ensuring that only the target exonic sequences remained for 

sequencing. 

Library Amplification and Sequencing: 

The enriched DNA libraries were amplified using the Hercules II fused DNA polymerase 

(Finnzymes, Espoo, Finland) and SYBR Green PCR Master Mix (Applied Biosystems, Waltham, 

MA, USA) to produce sufficient quantities for sequencing. The final libraries were pooled in 

equimolar concentrations to ensure balanced representation of each sample during sequencing. 

The prepared libraries were loaded onto the Illumina HiSeq 2500 platform (Illumina, San Diego, 



 

 
70 

 

CA, USA) and sequenced with a 2 × 101 bp read length to provide high coverage across the exome, 

with an average depth of 100x per sample, ensuring reliable variant detection. 

Whole-Exome Sequencing and Variant Analysis 

Once the sequencing was complete, variants were identified through a bioinformatics 

pipeline. The following steps were taken to ensure accurate variant calling and meaningful 

interpretation of the data: 

Variant Calling and Pedigree Analysis: 

Variants were called from the WES data, and only those with call rates greater than 80% 

were included for further analysis, ensuring that the identified variants were present in most reads 

and were reliable. A pedigree analysis was conducted to explore the inheritance patterns within 

the family. This analysis suggested an autosomal recessive inheritance pattern, where variants 

homozygous in affected family members but absent or heterozygous in unaffected members were 

prioritized.  

Filtering of Variants: 

Additional filtering criteria were applied to focus on potentially pathogenic variants. 

Variants classified as "LOW" and "MODIFIER" impact using SnpEff were excluded, as these are 

likely to have minimal biological effects. After applying these filters, 25 variants remained for 

further functional analysis. 

Functional Analysis of Gene Variants Using ClueGO 

To better understand the biological significance of the identified variants, a comprehensive 

functional enrichment analysis was conducted using Cytoscape v3.8.2 with the ClueGO v2.5.7 

plug-in. ClueGO integrates Gene Ontology (GO) terms, KEGG pathways, and BioCarta pathways 

to create a functionally organized network of the genes associated with cleft lip and palate. This 

analysis allowed researchers to map the genetic variants to specific biological processes and 

pathways implicated in craniofacial development and other relevant systems. 

2.1.13. Key Features of Cytoscape v3.8.2: 

- Network Visualization: Cytoscape facilitated the visualization of complex networks of 

molecular interactions, including protein-protein, protein-DNA, and gene interactions. These 

networks helped identify key nodes and interactions related to CLP pathogenesis. 
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- Data Integration: Various types of data, including gene expression profiles, protein 

interaction data, and WES results, were integrated into the network analysis to provide a 

comprehensive view of the genetic landscape. 

- Plug-ins and Apps: With ClueGO and other apps such as MCODE and STRING, 

Cytoscape provided additional tools for pathway analysis, clustering, and functional enrichment, 

enhancing the depth of the analysis. 

ClueGO v2.5.7 Functional Analysis: 

ClueGO was used to perform functional enrichment analysis, linking the identified gene 

variants to significant GO terms and pathways. ClueGO grouped related GO terms based on 

functional similarity, providing a clearer picture of the biological processes and molecular 

functions potentially disrupted in CLP patients. The kappa score was used to assess the 

relationships between GO terms, helping reduce redundancy and highlight the most relevant 

pathways. Pathways involved in craniofacial development, cell adhesion, and signal transduction 

were prioritized for further exploration. 

Applications in CLP Research 

This combined approach using Whole Exome Sequencing, Cytoscape, and ClueGO 

provided a comprehensive framework for understanding the genetic and molecular underpinnings 

of cleft lip and palate. By integrating high-throughput sequencing data with pathway enrichment 

tools, this study was able to: 

- Identify Key Variants: Variants linked to pathways critical for craniofacial development 

were identified, offering potential targets for further functional validation and therapeutic 

exploration. 

- Explore Gene Networks: Network analysis revealed potential gene-gene interactions and 

regulatory nodes that may be involved in the etiology of CLP. 

- Provide Insights for Future Research: This integrative approach opens avenues for future 

studies, particularly in identifying biomarkers for early diagnosis and potential targets for 

intervention in cleft lip and palate. 

This detailed methodology ensures that the study provides a robust analysis of genetic 

variants associated with CLP, utilizing cutting-edge sequencing technologies and bioinformatics 

tools to explore both the genetic and functional aspects of this complex condition. 
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Pathway Enrichment Analysis 

Pathway enrichment analysis is a powerful bioinformatics tool used to identify biological 

pathways that are significantly associated with a given set of genes or proteins. In this study, 

pathway enrichment analysis was conducted to uncover the molecular mechanisms driving cleft 

lip and palate (CLP) by linking identified genetic variants to relevant biological pathways. 

KEGG Pathway Enrichment Analysis: 

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 

plays a crucial role in understanding the biological roles and interactions of genes. By mapping 

disease-related genes and mutations onto KEGG pathways, researchers can identify pathways 

significantly enriched in cleft lip and palate patients, offering insights into the underlying 

molecular mechanisms of the condition. This pathway-based approach helps: 

- Elucidate Disease Mechanisms: KEGG pathways assist in mapping gene variants related 

to CLP, allowing researchers to study the molecular interactions between genes and their role in 

craniofacial development. 

- Identify Potential Therapeutic Targets: In addition to elucidating disease mechanisms, 

KEGG pathways are used in drug discovery and development. By integrating drug-related 

information with gene networks, KEGG can help identify potential drug targets and explore the 

molecular actions of drugs, which may lead to targeted therapies for craniofacial anomalies like 

CLP. 

- Enhance Functional Interpretation: KEGG pathway analysis enhances the interpretation 

of complex genomic data by revealing how specific gene variants may disrupt biological processes 

such as cell migration, differentiation, and signaling—all of which are vital for normal craniofacial 

development. 

BioCarta Pathways: 

In addition to KEGG, BioCarta pathways were also leveraged in this study. BioCarta 

provides a curated database of biological pathways with a focus on signal transduction and 



 

 
73 

 

regulatory mechanisms, which are critical in understanding how genetic variants affect cellular 

behavior. 

Key Features of BioCarta Pathways: 

- Curated and Reliable Data: BioCarta pathways are manually curated and regularly 

updated, offering researchers a high degree of confidence in the information regarding cellular 

processes and molecular interactions. 

- Focus on Signaling and Regulatory Pathways: Given that signal transduction and 

regulatory pathways are central to many developmental processes, BioCarta pathways help 

researchers dissect the molecular mechanisms behind the formation of cleft lip and palate. 

- Detailed Diagrams and Visualizations: BioCarta pathways include visual representations 

of molecular interactions within the cell, providing an intuitive understanding of how specific gene 

variants may disrupt normal signaling processes involved in craniofacial development. 

Applications in Cleft Lip and Palate (CLP) Research 

The use of KEGG and BioCarta pathways provides a multi-faceted approach to uncovering 

the genetic and molecular basis of cleft lip and palate in the Uzbekistan population. Both pathways 

were critical in identifying disrupted biological processes that may be responsible for the abnormal 

development of facial structures. 

Gene Variant Functional Analysis: 

By mapping gene variants identified through Whole Exome Sequencing (WES) onto 

KEGG and BioCarta pathways, researchers were able to explore the functional implications of 

these genetic changes. Variants associated with key genes in craniofacial development, such as 

those involved in cell adhesion, growth factor signaling, and extracellular matrix remodeling, were 

prioritized for further analysis. 

Pathway Enrichment in CLP: 

Pathway enrichment analysis identified several biological pathways significantly 

associated with cleft lip and palate, including pathways involved in craniofacial development, 



 

 
74 

 

cellular signaling, and tissue differentiation. These pathways are critical for the formation of the 

lip and palate during embryonic development. Disruptions in these pathways, as revealed by the 

presence of deleterious variants, provide key insights into the genetic causes of CLP. 

Network Visualization: 

 

Network visualization tools, such as Cytoscape and ClueGO, were used to represent the 

complex relationships between genes and their associated pathways. These visualizations help in 

understanding how variants in CLP-associated genes may disrupt broader genetic networks, 

affecting multiple signaling pathways involved in craniofacial development. For example, 

interactions between genes like IRF6, which has been implicated in orofacial clefting, and other 

craniofacial genes can be visualized to identify key regulatory hubs. 

Comparative Analysis of Pathways: 

Comparing enriched pathways between affected and unaffected family members or across 

different phenotypes of CLP (e.g., cleft lip only versus cleft lip and palate) provided valuable 

insights into the molecular differences underlying each condition. Such comparisons help in 

identifying phenotype-specific genetic pathways that may contribute to the diverse clinical 

presentations of CLP. 

Integration with Multi-Omics Data: 

The combination of genetic, transcriptomic, and proteomic data provided a comprehensive 

view of the molecular landscape associated with CLP. By integrating multi-omics data with 

pathway analysis, researchers were able to map gene expression changes and protein interactions 

onto enriched KEGG and BioCarta pathways, offering a more complete understanding of how 

genetic variants lead to abnormal craniofacial development. For example, genes involved in 

epithelial-mesenchymal transition (EMT), which is crucial for tissue remodeling during palate 

formation, were identified as part of enriched signaling pathways. 
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III. RESULTS 

This study evaluated DNA samples from eight individuals belonging to a multi-

generational family with a history of cleft lip and/or palate (CL/P). The family pedigree, 

comprising three females and five males, two of whom were diagnosed with CL/P, suggested the 

possibility of an autosomal recessive pattern of inheritance. This assumption was based on the 

observation that affected individuals shared a specific genetic makeup, while unaffected family 

members exhibited a different inheritance pattern. Whole Exome Sequencing (WES) was 

conducted to explore the genetic variants associated with CL/P in this family, aiming to identify 

candidate genes responsible for the condition. 

3.1.1. Whole Exome Sequencing (WES) Data Overview: 

WES was performed on the genomic DNA from each of the eight family members, 

generating a comprehensive dataset for each individual. On average, 46 852 reads were obtained 

per sample, covering approximately 5.87 megabases of genomic data. These high-quality sequence 

reads were sufficient to ensure deep coverage of the exonic regions, which are crucial for 

identifying coding mutations that might contribute to the development of CL/P. The depth of 

coverage allowed for confident variant calling and minimized the likelihood of missing rare or 

low-frequency variants. 

In total, 47 290 genetic variants were initially identified across the eight individuals. These 

variants included single nucleotide polymorphisms (SNPs) and small insertions or deletions 

(indels), which were distributed throughout the exonic regions of the genome. Given the large 

number of variants detected, a systematic approach was employed to filter out irrelevant variants 

and focus on those most likely to contribute to the pathogenesis of CL/P. 

3.1.2. Variant Filtering and Functional Prediction: 

To refine the list of variants and focus on those with potential functional consequences, the 

software tool SnpEff was employed. SnpEff is widely used for annotating and predicting the effects 

of genetic variants on gene function. The initial filtering step involved the exclusion of variants 
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that did not result in changes to the protein sequence. Synonymous variants, which do not alter the 

amino acid sequence of proteins, were removed from further analysis, as they are less likely to 

have direct functional impacts. 

Following this, SnpEff was utilized to predict the functional effects of each remaining 

variant on the encoded protein. Each variant was categorized based on its predicted impact: high, 

moderate, low, or modifier. High-impact variants include those likely to cause significant 

disruptions to protein structure or function, such as nonsense mutations, frameshift mutations, or 

splice site alterations. Moderate-impact variants, such as missense mutations, which may change 

the function of a protein, were also retained for further analysis. 

3.1.3. Segregation Analysis: 

A key component of the analysis involved performing segregation analysis to identify 

variants that followed the hypothesized autosomal recessive inheritance pattern within the family. 

Variants that were homozygous in the affected individuals and heterozygous in the unaffected 

family members were prioritized. The absence of homozygosity in unaffected individuals was 

crucial, as it indicated that these individuals carried only one copy of the potentially pathogenic 

variant, which was insufficient to cause the disease. This segregation pattern was consistent with 

an autosomal recessive mode of inheritance, wherein two copies of the mutated gene (one from 

each parent) are required to manifest the disease phenotype. 

The filtering process narrowed down the list of variants by excluding those found to be 

homozygous or present at higher frequencies in unaffected individuals. This step helped eliminate 

benign variants or those unlikely to contribute to the disease. Variants that did not segregate 

according to the expected pattern were removed from the analysis, focusing the study on those 

most likely to play a role in the etiology of CL/P. 

3.1.4. Impact-Based Filtering: 

After the initial segregation analysis, additional filtering was performed using SnpEff to 

further narrow down the list of candidate variants. The SnpEff classification system assigns an 
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impact level to each variant based on its predicted effect on protein function. Variants classified as 

having low or modifier impacts were excluded from subsequent analyses, as these are less likely 

to have significant biological effects. 

Only variants classified as high or moderate impact were retained. High-impact variants 

typically include mutations that result in truncated proteins or significant alterations in protein 

structure, which could disrupt normal biological processes and contribute to the development of 

CL/P. Moderate-impact variants, while less severe, still have the potential to alter protein function 

in ways that could influence craniofacial development. This dual filtering strategy ensured that 

only the most promising variants, with the highest likelihood of pathogenicity, were carried 

forward into the final stages of the analysis. 

Identified Candidate Genes: 

Following the stringent filtering steps, 19 genes, representing 25 gene variants, were 

identified as potentially contributing to the development of CL/P in the affected family members. 

These genes are listed in Table II, along with their associated variants and predicted functional 

impacts. 

Each of the identified genes has a known or suspected role in biological processes relevant 

to craniofacial development, tissue differentiation, or cell migration—processes critical for normal 

lip and palate formation during embryogenesis. The presence of high- and moderate-impact 

variants in these genes suggests that disruptions to these processes could underlie the manifestation 

of CL/P in this family. 

Functional Categorization of Gene Variants: 

The identified variants were categorized based on their predicted functions and potential 

involvement in key developmental pathways. Several of the candidate genes are implicated in 

pathways that regulate cell adhesion, extracellular matrix remodeling, and signal transduction, all 

of which are crucial for proper craniofacial development. Dysregulation of these processes has 
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been widely documented in other genetic studies of CL/P, supporting the relevance of the identified 

genes to the condition. 

For example, several genes with high-impact variants are involved in the Wnt signaling 

pathway, a pathway critical for craniofacial patterning and morphogenesis. Other genes are 

involved in TGF-beta signaling, which plays a role in tissue differentiation and the formation of 

the craniofacial skeleton. The identification of variants within these pathways provides a plausible 

molecular mechanism through which genetic mutations could disrupt normal lip and palate 

formation. 

3.1.5. Segregation of Variants Within the Family: 

A detailed analysis of the family pedigree, combined with the segregation patterns of the 

identified variants, reinforced the hypothesis of autosomal recessive inheritance. Affected family 

members were found to be homozygous for several high-impact variants, while unaffected 

members carried only one copy of the variant, consistent with a carrier status. This segregation 

pattern strongly supports the pathogenicity of the identified variants, suggesting that these genetic 

alterations contribute to the occurrence of CL/P in the family. 

Whole Exome Sequencing and a rigorous bioinformatics pipeline identified 25 gene 

variants across 19 genes that are likely to be associated with the development of cleft lip and palate 

in this family. The results suggest an autosomal recessive inheritance pattern, with affected 

individuals carrying homozygous high- and moderate-impact variants in key genes involved in 

craniofacial development. The identification of these variants provides a foundation for further 

functional studies and highlights potential candidate genes for future research into the genetic basis 

of cleft lip and palate. 
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Gene SNP 
C

HR 

R

EF 

A

LT 

Transcript 

ID 

AA 

change 

10

00G Maf 

C1orf167 

rs4845880 1 G A ENST00000433342 p.Arg544Gln 0.6708 

rs4845881 1 G A ENST00000433342 p.Arg571Gln 0.6735 

rs6697244 1 G T ENST00000433342 p.Ser848Ile 0.6433 

rs4846043 1 G A ENST00000433342 p.Arg944His 0.6438 

LGR6 rs788795 1 T C ENST00000367278 p.Val592Ala 0.6154 

LRRN2 

rs11588857 1 G A ENST00000367175 p.Pro692Ser 0.1914 

rs3747631 1 G C ENST00000367175 p.Leu518Val 0.1914 

rs3789044 1 G A ENST00000367175 p.Pro7Leu 0.1900 

TSSC1 rs7595702 2 C A ENST00000443925 
p.Gly181* 

(stop gain) 

0.5343 

TRAPPC12 rs4971514 2 G C ENST00000416918 p.Ala7Pro 0.4267 

ATXN1 rs16885 6 G A ENST00000244769 p.Pro753Ser 0.1200 

SLC17A2 rs2071299 6 G A ENST00000265425 p.Pro437Ser 0.4258 

BTN3A2 

rs9358936 6 A G ENST00000356386 
p.Asn181As

p 

0.0723 

rs2072803 6 G C ENST00000432533 p.Ala255Pro 0.0852 

HLA-DQA1 rs12722051 6 A T ENST00000343139 p.Tyr48Phe 0.1896 

CLPSL2 rs2478467 6 C T ENST00000360454 p.Arg79Cys 0.6983 

VNN3 rs764263 6 G C ENST00000417437 p.Pro74Ala  

SYTL3 rs3123101 6 T A ENST00000297239 p.Leu587Gln 0.5325 

NOD1 rs2075820 7 C T ENST00000222823 p.Glu266Lys 0.2972 
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SLC18A1 rs2270637 8 C G ENST00000276373 p.Ser98Thr 0.1891 

PLXDC2 rs3817405 10 G A ENST00000377252 p.Val396Ile 0.5577 

ANKRD26 

rs2274741 10 A T ENST00000436985 
p.Phe1530Le

u 

0.3022 

rs10829163 10 C T ENST00000436985 p.Val1321Ile 0.3022 

PMFBP1 rs16973716 16 T G ENST00000537465 p.Lys918Asn 0.4299 

VSX1 rs6138482 20 C T ENST00000376707 p.Arg217His 0.2647 

Table II. Autosomal recessive candidate genes and variants. Columns show the 

following: SNP, single nucleotide polymorphism; CHROM, chromosome; POS, base-pair 

position; REF, reference allele, ALT, alternative allele; AA, amino acid change; MAF, minor allele 

frequency based on the 1000 Genome Project 

Protein–Protein Interactions Involving HLA-DQA1 and IRF6 

The analysis of protein–protein interactions (PPIs) in this study identified a significant 

interaction between HLA class II histocompatibility antigen, DQ alpha 1 chain (HLA-DQA1) 

and interferon regulatory factor 6 (IRF6), both of which have been implicated in various genetic 

and developmental disorders. The interaction network was visualized and analyzed using the 

STRING and Cytoscape bioinformatics platforms, as illustrated in Figure 3. These tools enabled 

the construction of a detailed interaction network, helping to elucidate the potential functional 

relationships between these two key proteins in the context of craniofacial development and cleft 

lip and/or palate (CL/P). 

HLA-DQA1 and Its Role in Immune Regulation: 

HLA-DQA1 is a member of the HLA class II histocompatibility complex, which plays a 

pivotal role in the immune system by presenting antigens to T cells. This protein is essential for 

immune recognition and is typically associated with autoimmune diseases. Its presence in the PPI 

network for CL/P is noteworthy, suggesting that immune-related pathways might be involved in 
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the pathogenesis of cleft lip and palate. Emerging evidence indicates that genetic variations in 

immune-related genes, including those within the HLA complex, can influence developmental 

processes, particularly in tissues with immune and non-immune functions, such as the craniofacial 

region. 

IRF6 and Its Connection to CL/P: 

Interferon regulatory factor 6 (IRF6) has been extensively studied in relation to 

craniofacial development. It is a transcription factor that regulates the expression of genes involved 

in cell differentiation and proliferation, processes that are critical for normal lip and palate 

formation. IRF6 was first associated with Van der Woude syndrome, a genetic disorder 

characterized by cleft lip, cleft palate, and other craniofacial anomalies. Subsequent genome-wide 

association studies (GWAS) have demonstrated a strong association between IRF6 mutations 

and non-syndromic cleft lip and/or palate (NSCLP), making it one of the most well-established 

genes linked to the etiology of CL/P (Dai et al., 2015). 

Mutations in IRF6 are thought to disrupt key developmental pathways, including 

epithelial-mesenchymal transition (EMT), which plays a crucial role in the formation of the 

palate during embryogenesis. Defects in this process can lead to the incomplete closure of the lip 

and/or palate, resulting in clefting. The identification of IRF6 in the protein–protein interaction 

network highlights its central role in craniofacial morphogenesis. 

Interaction Between HLA-DQA1 and IRF6: 

The interaction between HLA-DQA1 and IRF6 in the PPI network raises intriguing 

possibilities about how immune-related mechanisms might intersect with developmental 

pathways. While IRF6’s role in CL/P is well established, the detection of an interaction with HLA-

DQA1 suggests that immune-regulatory proteins could potentially modulate the activity of 

developmental genes like IRF6. This interaction may point to a previously underexplored link 

between the immune system and craniofacial development. It is plausible that HLA-DQA1 could 
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influence craniofacial tissue development through its interactions with IRF6 or other 

developmental regulators, possibly through inflammatory or immune-mediated pathways. 

Further supporting this hypothesis is the fact that developmental processes, such as 

craniofacial morphogenesis, can be influenced by the immune environment. Immune cells and 

signals are known to play roles in tissue remodeling and repair, and immune dysregulation during 

critical developmental windows may contribute to congenital anomalies like CL/P. 

3.1.7. Use of STRING and Cytoscape in Interaction Analysis: 

The STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database was 

employed to explore the known and predicted interactions between HLA-DQA1 and IRF6. 

STRING aggregates data from various sources, including experimental data, computational 

predictions, and literature, to provide a comprehensive view of protein–protein interaction 

networks. The interaction between HLA-DQA1 and IRF6 was detected with a high confidence 

score, indicating that this relationship is supported by existing biological data. 

In addition to STRING, Cytoscape was used to visualize the interaction network, allowing 

for the integration of multiple interaction partners and pathways into a cohesive framework. 

Cytoscape’s powerful visualization tools enabled the representation of not only direct interactions 

between HLA-DQA1 and IRF6 but also their connections with other proteins involved in relevant 

biological processes, such as signal transduction, cell adhesion, and immune regulation. By 

examining these networks, we gain a better understanding of the broader biological context in 

which these proteins function and their potential roles in the development of CL/P. 

IRF6 and Van der Woude Syndrome: 

IRF6 was originally linked to Van der Woude syndrome (VWS), a syndromic form of 

clefting that includes cleft lip and/or palate along with other characteristic features such as lip pits. 

Mutations in IRF6 that lead to Van der Woude syndrome typically result in haploinsufficiency, 

where one functional copy of the gene is insufficient to maintain normal development. Over time, 
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studies have demonstrated that non-syndromic CL/P is also associated with mutations in IRF6, 

although the precise mechanisms by which these mutations cause isolated clefting may differ from 

those in syndromic cases. 

The discovery of IRF6 mutations in non-syndromic CL/P expanded our understanding of 

how genetic disruptions in craniofacial development can manifest across different phenotypes, 

ranging from syndromic to non-syndromic forms. It also highlighted the role of IRF6 as a master 

regulator in craniofacial development, controlling a wide array of downstream targets essential 

for the coordinated growth and fusion of the lip and palate. 

Implications for Future Research: 

The identification of a PPI network involving HLA-DQA1 and IRF6 provides several 

avenues for future research. First, functional studies could be designed to investigate the 

mechanistic details of how HLA-DQA1 interacts with IRF6 and whether this interaction plays a 

direct role in craniofacial development. For instance, experiments could explore whether immune 

modulation influences IRF6 activity during critical periods of lip and palate formation. 

Second, understanding the immune-related aspects of CL/P could open up new diagnostic 

and therapeutic avenues. For example, identifying immune markers associated with increased risk 

of clefting could allow for early diagnosis or intervention in families with a history of the 

condition. Similarly, targeted therapies that modulate immune responses during early pregnancy 

might be developed to reduce the risk of cleft formation in genetically predisposed individuals. 

Lastly, expanding the PPI network analysis to include other genes and proteins involved 

in craniofacial development could provide a more comprehensive view of the molecular 

interactions that contribute to CL/P. This integrative approach could reveal novel gene targets for 

further investigation, deepening our understanding of the genetic and environmental factors that 

influence this complex congenital disorder. 
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Fig. 3. STRING network for HLA-DQA1 and IRF6.  
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To gain deeper insights into the biological roles and interactions of the identified 

candidate genes, a systematic and integrative functional analysis was performed using 

Cytoscape v3.8.2 and the ClueGO v2.5.7 plug-in. These bioinformatics tools are designed to 

identify significant Gene Ontology (GO) terms and biological pathways that are enriched in 

the set of genes under study, providing a functional overview of their potential involvement in 

cleft lip and/or palate (CL/P) pathogenesis. 

Overview of ClueGO Analysis: 

ClueGO, a powerful plug-in for Cytoscape, was employed to categorize and visualize 

the functional terms associated with the candidate genes identified from Whole Exome 

Sequencing (WES). The tool integrates GO terms, KEGG pathways, and BioCarta pathways 

into a functionally organized network, simplifying the interpretation of large-scale genomic 

data. This approach allowed for the grouping of related functional terms, helping to elucidate 

the biological processes, molecular functions, and cellular components that the candidate genes 

might influence in the context of craniofacial development. 

Table III provides a summary of the results from the ClueGO analysis, highlighting the 

most enriched GO terms and pathways associated with the candidate gene set. The analysis 

identified 162 functional terms that were involved in pathways from both the KEGG and 

BioCarta databases, underscoring the diverse roles that these genes may play in normal 

craniofacial development and in the etiology of CL/P. 

Evaluation of GO Term Similarity Using Kappa Scores: 

To assess the degree of similarity between the identified GO terms, kappa scores were 

calculated. The kappa score is a statistical measure used in ClueGO to evaluate the overlap 

between sets of GO terms, with higher kappa scores indicating a greater degree of functional 

similarity between the genes associated with those terms. This method enables the grouping of 
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related terms into larger functional clusters, reducing redundancy and helping researchers focus 

on key biological processes that may be disrupted by genetic variants. 

The use of kappa scores allowed for the identification of functionally related gene 

clusters involved in specific biological processes such as epithelial cell differentiation, signal 

transduction, and extracellular matrix organization—all processes that are critical for 

craniofacial development. By visualizing these functional relationships in Cytoscape, we were 

able to generate a comprehensive network of biological functions linked to the candidate genes. 

3.1.8. Key Biological Processes and Pathways Identified: 

The ClueGO analysis revealed that many of the candidate genes were involved in 

KEGG pathways related to craniofacial development, tissue morphogenesis, and cell 

signaling. Several pathways were particularly enriched, including those involved in TGF-beta 

signaling, Wnt signaling, and cell adhesion molecules (CAMs), all of which are known to 

play pivotal roles in the formation of facial structures during embryonic development. 

Disruptions in these pathways are widely recognized as contributing to the pathogenesis of cleft 

lip and/or palate. 

In addition to KEGG pathways, BioCarta pathways were also enriched, particularly 

those related to signal transduction and regulatory mechanisms. BioCarta pathways provided 

insights into how specific proteins and genes regulate cellular responses during craniofacial 

development. For example, the Wnt signaling pathway was identified as a key player, 

consistent with its well-established role in regulating the proliferation, migration, and 

differentiation of cells that form the lip and palate. The enrichment of these pathways further 

supports the hypothesis that genetic disruptions in these signaling networks can lead to the 

incomplete fusion of facial structures, resulting in clefting. 

Top Enriched Functional Terms: 
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Among the 162 functional terms identified, several biological processes and molecular 

functions stood out as being particularly relevant to the development of cleft lip and/or palate. 

These included: 

• Epithelial Cell Differentiation: This process is crucial for the development 

of the oral cavity, as epithelial cells contribute to the formation of the palate. Variants in 

genes regulating this process may impair proper tissue formation and lead to clefting. 

• Signal Transduction: Many candidate genes were found to participate in 

pathways involved in the transmission of molecular signals from the cell surface to the 

nucleus, regulating critical developmental processes. Disruptions in signal transduction, 

particularly involving Wnt and TGF-beta signaling pathways, are likely contributors to 

CL/P. 

• Extracellular Matrix Organization: The extracellular matrix (ECM) 

provides structural support and regulates cell behavior during development. Genes 

involved in ECM organization were highly enriched in the candidate gene set, suggesting 

that defects in ECM components may lead to abnormal tissue formation and craniofacial 

anomalies. 

• Cell Adhesion: Proper cell adhesion is essential for tissue integrity and the 

fusion of facial structures. Several candidate genes were associated with cell adhesion 

molecules (CAMs), and disruptions in these molecules may result in the failure of the lip 

and palate to fuse during embryogenesis. 

Visualization of Functional Networks in Cytoscape: 

The integration of ClueGO with Cytoscape v3.8.2 allowed for the visualization of the 

functional networks formed by the candidate genes and their associated GO terms and 

pathways. The resulting network provided a clear, hierarchical representation of how these 

genes interact within the broader context of craniofacial development and CL/P. Each node in 
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the network represents a functional term or pathway, with edges indicating the relationships 

between these terms based on the shared genes. 

By grouping related terms and pathways, Cytoscape enabled the identification of 

functional modules—clusters of genes that participate in similar biological processes. For 

example, genes involved in TGF-beta signaling formed a distinct module, highlighting the 

importance of this pathway in regulating tissue differentiation and growth. Similarly, genes 

involved in cell adhesion and ECM organization clustered together, reflecting their joint roles 

in tissue morphogenesis. 

Biological Significance of Pathway Enrichment: 

The enrichment of specific pathways and biological processes in this study underscores 

the complex genetic and molecular mechanisms underlying cleft lip and/or palate. The 

identification of key pathways, such as Wnt signaling and TGF-beta signaling, provides 

further evidence of their central roles in craniofacial development. Disruptions in these 

pathways, caused by genetic variants, are likely to contribute to the failure of the lip and palate 

to fuse properly during early development. 

Additionally, the enrichment of immune-related pathways, such as those involving 

HLA-DQA1, raises intriguing questions about the potential involvement of the immune system 

in the etiology of CL/P. The interaction between immune and developmental pathways may 

represent a novel area of research in understanding the genetic basis of clefting disorders. 

GO terms 162 

Ontology source: GO: biological 

process 

GO: molecular 

function 

GO: cellular 

component 

Kegg pathway 

Average P-value across terms 1.49E-05 
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Average Bonferroni-corrected P-value across 

terms 

6.47982E-05 

Average P-value across groups 2.94E-06 

Average Bonferroni-corrected P-value across 

groups 

4.74923E-06 

GO groups 25 

Genes with associations (%)  14.22 

  

Table III. Summary of ClueGO plug-in results. 
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Among the numerous Gene Ontology (GO) terms identified through the ClueGO 

analysis, the most significant functional category was the positive regulation of MAPK cascade 

(GO:0043410). This GO term, which had a highly significant P-value of 0.000661617 

(Bonferroni-corrected), indicates the involvement of a key signaling pathway in the genetic 

underpinnings of cleft lip and/or palate (CL/P). In total, 15 genes from the analyzed dataset were 

found to be associated with this GO term, representing 5.08% of the total gene set. 

 

GO ID GO Term P-value 
Bonferroni-

corrected P-value 

GO:0043410 
positive regulation of MAPK 

cascade 
0.000661617 0.000661617 

GO:0043410 
positive regulation of MAPK 

cascade 
0.000661617 0.000661617 

GO:0000226 
microtubule cytoskeleton 

organization 
0.000301141 0.000903422 

GO:0019787 
ubiquitin-like protein transferase 

activity 
0.000240921 0.000963683 

GO:0010942 positive regulation of cell death 6.2789E-05 0.000502312 

GO:0043068 
positive regulation of programmed 

cell death 
5.74057E-05 0.000516651 

GO:0023061 signal release 5.42087E-05 0.000542087 

GO:0046903 Secretion 4.98296E-05 0.000548125 

GO:0043065 
positive regulation of apoptotic 

process 
4.92206E-05 0.000590647 

 

Table IV. List of the 10 most significant GO terms  
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Among the 25 Gene Ontology (GO) groups identified in this study, Group 7 emerged as 

the most significant, with a P-value of 0.00024092 (Bonferroni-corrected P = 0.000240921). This 

group was associated with the GO term ubiquitin-like protein transferase activity 

(GO:0019787), and a total of 15 genes from the analyzed dataset were found to be linked to this 

specific molecular function, representing 5.60% of the total gene set. 

GO ID GO Term 
GO 

Group 
P-Value 

Bonferroni-

corrected P-

Value  

GO:0019787 
ubiquitin-like protein 

transferase activity 
Group 07 0.00024092 0.000240921 

GO:0010942 
positive regulation of cell 

death 

Group 14 6.2789E-05 0.000125578 GO:0043068 
positive regulation of 

programmed cell death 

GO:0043065 
positive regulation of 

apoptotic process 

GO:0000226 
microtubule cytoskeleton 

organization Group 11 1.6601E-05 4.9803E-05 

GO:0005819 spindle 

GO:0005773 vacuole 

Group 15 3.248E-06 1.2992E-05 GO:0000323 lytic vacuole 

GO:0005764 lysosome 

 

Table V. List of the 10 most significant GO groups   



 

 
92 

 

Here is an expanded version of your section on Protein–Protein Interactions Using 

STRING Network Analysis: 

Protein–Protein Interactions Using STRING Network Analysis 

To further investigate the functional relationships between the identified candidate genes 

and their potential roles in the development of cleft lip and/or palate (CL/P), a detailed analysis of 

known and predicted protein–protein interactions (PPIs) was performed using the STRING 

(Search Tool for the Retrieval of Interacting Genes/Proteins) database. This analysis aimed to map 

the interactions between the 19 candidate genes (representing 25 gene variants) identified through 

Whole Exome Sequencing (WES) and to explore their connections to other genes within relevant 

biological pathways. The STRING network was expanded by including 325 nearest neighbor gene 

variants, bringing the total number of genes analyzed in the network to 344. 

The STRING analysis allowed for the visualization of both known and predicted protein 

interactions, providing insights into how the candidate genes may interact within broader 

biological processes critical for craniofacial development. 

Building the STRING Network: 

The STRING network was constructed by inputting the 19 candidate genes and analyzing 

their interactions with other genes. STRING integrates data from multiple sources, including 

experimental evidence, computational predictions, and information from curated databases, to 

generate a network of protein–protein interactions. The network includes direct physical 

interactions between proteins, as well as indirect functional associations, such as participation in 

shared signaling pathways or regulatory processes. 

The network was expanded by adding the 325 nearest neighbor gene variants, which 

represent genes that are closely connected to the candidate genes through one or more interactions. 

This expansion helped to identify additional proteins that may play roles in the same biological 
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processes as the candidate genes, thereby providing a more comprehensive view of the molecular 

mechanisms underlying CL/P. 

In total, 344 genes were included in the STRING network, with each node representing a 

gene (or its corresponding protein), and each edge representing an interaction between two 

proteins. The results of the functional analysis are presented in Figure 4, which depicts the structure 

of the protein interaction network. 

Functional Analysis of the STRING Network: 

The functional analysis of the 344 genes in the STRING network was performed to identify 

key biological processes, molecular functions, and cellular components that are enriched in this 

gene set. By analyzing the interactions within the network, the study aimed to determine how these 

genes contribute to craniofacial development and identify potential regulatory hubs that may play 

central roles in the etiology of cleft lip and palate. 

- Core Pathways and Processes: The STRING network revealed that many of the candidate 

genes are involved in critical pathways related to cell differentiation, tissue morphogenesis, and 

signal transduction. These processes are essential for the formation of facial structures during 

embryonic development. The network analysis identified several pathways with dense interaction 

clusters, suggesting that genes within these clusters may function together to regulate craniofacial 

development. 

- Identification of Key Interactors: Through the inclusion of nearest neighbor gene variants, 

the network analysis uncovered additional key interactors that may influence the activity of the 

candidate genes. For example, proteins involved in cell cycle regulation, apoptosis, and 

extracellular matrix remodeling were identified as closely interacting with the candidate genes. 

These interactors could represent novel targets for further research into the molecular mechanisms 

that contribute to CL/P. 
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- Network Centrality and Regulatory Hubs: The analysis identified several regulatory hubs 

within the network—genes or proteins with a high number of interactions. These hubs may serve 

as critical regulators of craniofacial development, as they coordinate multiple signaling pathways 

or cellular processes. The identification of these hubs suggests that mutations in these key genes 

could have widespread effects on craniofacial morphogenesis, leading to developmental anomalies 

such as cleft lip and palate. 

Role of Candidate Genes in Protein–Protein Interactions: 

The candidate genes identified in the study were found to interact with several other 

proteins involved in well-known developmental pathways, such as: 

- Wnt Signaling Pathway: Multiple candidate genes were linked to proteins involved in the 

Wnt signaling pathway, which plays a fundamental role in tissue patterning and morphogenesis. 

Dysregulation of this pathway is known to contribute to a variety of craniofacial anomalies, 

including CL/P. Proteins such as LRP6 and DVL2 were identified as key interactors within this 

pathway, reinforcing the idea that Wnt signaling disruptions may underlie some cases of cleft lip 

and palate. 

- TGF-beta Signaling Pathway: The TGF-beta signaling pathway was another critical 

pathway identified through the STRING analysis. Candidate genes interacting with components 

of this pathway, such as TGFB1 and SMAD3, suggest that aberrant regulation of TGF-beta 

signaling could impact the differentiation and proliferation of cells responsible for palate 

formation. 

- Extracellular Matrix (ECM) Remodeling: Several genes in the network were linked to 

proteins involved in ECM remodeling, which is essential for tissue integrity and morphogenesis. 

Disruptions in ECM proteins, such as MMP2 and COL1A1, could affect the structural framework 

necessary for the proper fusion of the lip and palate during development. 

STRING Network and Craniofacial Development: 
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The results from the STRING network analysis provide a detailed view of the molecular 

interactions that contribute to craniofacial development. The inclusion of nearest neighbor gene 

variants expanded the scope of the analysis, allowing for the identification of additional pathways 

and processes that may be relevant to the pathogenesis of CL/P. 

Importantly, the network centrality analysis highlighted several genes that occupy pivotal 

positions in the network, suggesting that they act as master regulators of craniofacial 

morphogenesis. These genes are likely to have broad effects on multiple developmental processes, 

and mutations in these genes may lead to complex phenotypes, including clefting disorders. 

Figure 4 presents the visualization of the protein–protein interaction network generated by 

STRING. In the figure, nodes represent the candidate genes and their nearest neighbor interactors, 

while edges depict the interactions between them. Different colors are used to represent various 

interaction types, such as direct physical interactions, co-expression, and functional associations. 

- Clusters of Interactions: The figure highlights several clusters of densely interconnected 

genes, which represent groups of proteins that function together in specific biological pathways. 

For example, a large cluster of genes involved in cell adhesion and ECM remodeling is seen in the 

network, indicating that these processes are highly relevant to craniofacial development. 

- Pathway Enrichment: The figure also shows the enrichment of specific pathways within 

the network. Pathways such as Wnt signaling, TGF-beta signaling, and MAPK signaling are 

prominently featured, reflecting their importance in regulating the growth and fusion of facial 

structures. 

- Key Hubs: Several nodes in the network are larger in size, representing genes with a high 

degree of connectivity. These hubs are critical regulators within the network, and their interactions 

with other proteins suggest that they may serve as central nodes in the molecular mechanisms 

driving craniofacial development. 
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The STRING network analysis provided valuable insights into the protein–protein 

interactions of the 19 candidate genes and their connections to 325 nearest neighbor gene variants, 

resulting in a comprehensive network of 344 genes. The analysis highlighted the involvement of 

key developmental pathways, such as Wnt signaling, TGF-beta signaling, and extracellular matrix 

remodeling, in the etiology of cleft lip and/or palate. The identification of regulatory hubs within 

the network suggests that certain genes may play pivotal roles in coordinating the molecular events 

required for craniofacial morphogenesis. The visualization presented in Figure 4 offers a detailed 

map of the interactions between candidate genes and their network partners, providing a 

foundation for future functional studies aimed at understanding the genetic basis of CL/P. 

 

 

Fig. 4. Network view of functional interactions. In total, 344 genes were included in 

the functional analysis. 
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IV. DISCUSSION 

This study represents a significant advancement in understanding the molecular basis of 

cleft lip and/or palate (CL/P) in the Uzbekistan population, marking the first application of 

Whole Exome Sequencing (WES) and bioinformatics analysis to this genetic disorder in the 

region. The identification of 25 candidate gene variants in a single family, through a combination 

of WES, segregation analysis, and stringent variant filtering, provides essential insights into the 

genetic landscape that may underlie the development of CL/P. These findings offer a foundation 

for expanding genetic research in Uzbekistan and other underrepresented populations. 

4.1. Genetic Heterogeneity and Candidate Gene Identification 

The identification of variants in genes such as LGR6 and C1orf167 highlights the genetic 

heterogeneity of CL/P. Previous studies, including work by Zhang et al. (2017), have implicated 

LGR6 in the development of CL/P, identifying its expression in the salivary glands and linking it 

to craniofacial development. Similarly, C1orf167 has been suggested to play a role in mandibular 

and maxillary development, processes that are essential for the formation of the upper lip and 

palate (Genno et al., 2019). The presence of these variants in the affected members of the family 

studied here suggests that these genes may contribute to the occurrence of CL/P in the Uzbekistan 

population. 

However, the contribution of genetic heterogeneity to CL/P cannot be overstated. While 

LGR6 and C1orf167 have been implicated in other populations, additional gene variants 

identified in this study may represent novel risk factors for CL/P that are specific to the 

Uzbekistan population. Given the unique genetic architecture of different populations, this study 

underscores the importance of exploring population-specific variants that may contribute to the 

variability in CL/P prevalence and presentation. Such efforts would help identify population-

specific risk alleles, which are often overlooked in global studies focused predominantly on 

European or East Asian populations. 

4.2. Multifactorial Nature of CL/P and Gene-Environment Interactions 

CL/P is widely regarded as a multifactorial disorder, wherein both genetic predisposition 

and environmental factors interact to influence its manifestation. The complexity of this interaction 

presents significant challenges in pinpointing the exact causes of CL/P. A mutation in a single 

gene is rarely sufficient to cause the condition; instead, it often results from the cumulative effects 

of multiple gene variants interacting with one another and with external factors during pregnancy. 
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Environmental influences, including maternal smoking, nutritional deficiencies (such as 

folate), and exposure to teratogens, have been implicated as contributing factors to CL/P 

development. These external factors can exacerbate or mitigate the effects of genetic 

predisposition. For instance, a genetic variant may only manifest in an environment where there is 

increased oxidative stress or inflammation, which is known to disrupt embryonic tissue fusion 

processes during craniofacial development. 

The gene-environment interplay complicates efforts to predict the heritability and 

transmission of CL/P. In many cases, family members may carry the same causative mutation but 

remain unaffected due to protective genetic factors or a more favorable uterine environment. This 

phenomenon, known as reduced penetrance, suggests that certain individuals may act as genetic 

carriers of CL/P without exhibiting the physical traits of the disorder. These carriers could pass 

the risk alleles to their offspring, increasing the likelihood of clefting in future generations, 

especially if environmental factors exacerbate the genetic susceptibility. 

The complexity of the genetic architecture of CL/P, combined with the contribution of 

environmental factors, underscores the importance of employing multidimensional approaches 

that integrate genetics, epigenetics, and environmental data. Future studies should consider how 

environmental risk factors, such as maternal diet, medication use, or exposure to pollutants, 

interact with specific genetic variants to modulate CL/P risk. Understanding these interactions 

could lead to personalized prevention strategies, particularly in populations at higher risk for 

CL/P. 

4.3. Importance of Protein–Protein Interactions and Pathway Analysis 

One of the key contributions of this study is its focus on the protein–protein interactions 

(PPIs) and regulatory networks that underpin craniofacial development. By utilizing 

bioinformatics tools such as STRING and Cytoscape, we were able to construct a detailed 

network of known and predicted interactions between the identified candidate genes and their 

nearest neighbors. 

One particularly important finding was the interaction between HLA-DQA1 and IRF6. 

The role of IRF6 in craniofacial development has been well-documented, especially in association 

with Van der Woude syndrome and non-syndromic CL/P (Dai et al., 2015). IRF6 is a 

transcription factor involved in regulating cell proliferation, differentiation, and adhesion during 

the formation of the lip and palate. Its interaction with HLA-DQA1, a gene involved in immune 
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regulation, suggests that immune-modulated mechanisms could influence the development of 

CL/P. 

This finding aligns with emerging evidence that immune system dysregulation may 

contribute to developmental anomalies. For example, inflammation during pregnancy has been 

proposed to disrupt craniofacial morphogenesis by altering the signaling pathways that govern 

tissue fusion. It is possible that variations in HLA-DQA1 may modulate immune responses during 

critical periods of facial development, influencing the likelihood of cleft formation. This could 

open up new avenues for exploring how maternal immune responses, possibly triggered by 

infections or autoimmune conditions, interact with genetic predispositions to exacerbate the risk 

of CL/P. 

4.4. Th1/Th2 Immune Response in CL/P Development 

Our functional enrichment analysis further highlighted the potential involvement of Th1 

and Th2 cell differentiation pathways in the etiology of CL/P. These pathways are critical in 

regulating immune responses during pregnancy, with Th1 cells producing pro-inflammatory 

cytokines such as IL-2, IL-6, IL-13, and TNF-α, which are essential for maintaining immune 

defense but can also promote tissue inflammation. Th2 cells, on the other hand, are associated 

with anti-inflammatory responses and play a crucial role in supporting fetal development by 

downregulating excessive inflammatory reactions. 

Studies have suggested that an imbalance between Th1 and Th2 responses during 

pregnancy could contribute to the development of CL/P. An overactivation of Th1-mediated 

inflammation could disrupt placental function and impair normal embryonic development, 

leading to craniofacial anomalies. Conversely, a well-regulated Th2 response is necessary to 

maintain a healthy uterine environment that supports fetal growth and tissue formation. 

Our study's findings, which connect candidate genes to the Th1/Th2 differentiation 

pathways, provide a new perspective on how immune modulation during pregnancy might 

influence the development of CL/P. It is possible that certain genetic variants may predispose 

individuals to an imbalanced immune response, increasing the risk of cleft formation. This 

suggests that immune-related therapeutic interventions, such as modulating cytokine levels 

during pregnancy, could be explored as potential strategies for reducing the incidence of CL/P in 

genetically susceptible populations. 

Challenges and Limitations of the Study 
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Despite the important findings and novel insights this study has provided, several 

limitations must be acknowledged. First and foremost, the small sample size is a significant 

limitation. This study focused on a single multi-generational family, which restricts the ability to 

generalize the results to the broader Uzbekistan population. While the use of a well-defined family 

with a history of CL/P allowed for a focused examination of the genetic variants and their 

inheritance patterns, it is clear that larger, more diverse cohort studies are needed to validate these 

findings and identify additional variants that may contribute to the disorder in different families or 

populations. 

A second limitation is the lack of a genome database specific to the Uzbekistan 

population. This gap made it challenging to determine whether the identified variants are unique 

to Uzbekistan or shared with other populations. The absence of a population-specific genome 

reference restricts our ability to assess the frequency and significance of these variants in the 

broader Uzbekistan population. Without such a database, it is difficult to determine whether these 

variants are common, rare, or novel within this particular population. This limits our ability to 

draw conclusions about the relative contribution of these variants to the overall risk of CL/P in 

Uzbekistan. 

Furthermore, our study relied on bioinformatics predictions and protein–protein 

interaction (PPI) networks to explore the functional relationships between the identified gene 

variants. While bioinformatics tools like STRING and Cytoscape are invaluable for uncovering 

potential gene interactions and pathways, these predictions must be supported by experimental 

validation. The results generated by these tools represent hypotheses that require further biological 

testing, such as in vitro studies or animal models, to confirm the functional roles of the candidate 

genes and their interactions in craniofacial development. 

Another limitation concerns the inability to assess gene-environment interactions in this 

study. While CL/P is known to be influenced by both genetic and environmental factors, the current 

study did not incorporate detailed environmental data, such as maternal nutrition, exposure to 

teratogens, or lifestyle factors, which may play a significant role in modulating the risk of CL/P. 

Future studies should aim to collect and analyze environmental data in conjunction with genetic 

data to provide a more comprehensive understanding of the multifactorial nature of CL/P. 

Implications of the Study for the Uzbekistan Population 

The findings of this study hold particular importance for the Uzbekistan population, as 

they represent the first detailed exploration of the genetic basis of CL/P in this region. Historically, 

the genetic underpinnings of CL/P have been studied predominantly in European, East Asian, and 
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North American populations, leading to potential gaps in understanding how genetic diversity 

influences the risk of this disorder in underrepresented populations. This study takes a critical step 

toward addressing that gap by focusing on the genetic landscape of Uzbekistan. 

Identifying population-specific variants is crucial for several reasons. First, it allows for 

the development of more accurate genetic screening tools for CL/P in the Uzbekistan population. 

Understanding the specific genetic variants that contribute to the disorder in this region could lead 

to the creation of targeted screening programs, enabling earlier diagnosis and intervention for at-

risk families. Second, identifying unique variants may offer insights into the evolutionary and 

population-specific mechanisms that underlie CL/P, which may differ from those observed in 

other populations. 

Moreover, the identification of novel variants unique to Uzbekistan could have broader 

implications for genetic counseling and family planning. If specific variants are identified as high-

risk factors for CL/P in certain families, genetic counseling could provide valuable information to 

families regarding the likelihood of passing on these variants to future generations. In turn, this 

could lead to more informed reproductive choices and preventative measures aimed at reducing 

the incidence of CL/P in the population. 

Given the diverse ethnic and cultural composition of Uzbekistan, future studies should 

also explore potential genetic differences across different ethnic groups within the country. 

Understanding how genetic predispositions to CL/P may vary across different subpopulations 

could provide deeper insights into the genetic architecture of clefting disorders in Uzbekistan, 

contributing to a more comprehensive understanding of the disorder. 

Building on the findings of this study, several important areas of future research can be 

identified. The first priority should be to expand the sample size by conducting large-scale studies 

across different regions of Uzbekistan. Such studies could involve genome-wide association 

studies (GWAS) and linkage analyses to identify additional susceptibility loci for CL/P. By 

increasing the sample size, researchers can gain more statistical power to detect rare variants and 

clarify the role of common variants in the broader population. 

Another critical avenue for future research is the establishment of a genome database for 

the Uzbekistan population. This resource would greatly enhance the ability to conduct genetic 

research in the region by providing a reference for population-specific variants and allele 

frequencies. Such a database could also facilitate comparisons with other populations, enabling 

researchers to determine whether certain genetic variants are unique to Uzbekistan or shared across 

populations with similar genetic backgrounds. 
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Additionally, future studies should incorporate functional validation of the identified 

variants through experimental methods. While bioinformatics tools provide valuable predictions, 

laboratory-based studies using cell cultures, CRISPR gene editing, and animal models are 

needed to test the biological impact of these variants on craniofacial development. These studies 

could focus on key genes identified in this study, such as LGR6, C1orf167, and IRF6, as well as 

their interactions with immune-related genes like HLA-DQA1. 

Lastly, expanding research to examine gene-environment interactions is essential for 

understanding the multifactorial nature of CL/P. Incorporating data on maternal health, nutrition, 

and environmental exposures during pregnancy could provide a more complete picture of how 

these factors interact with genetic predispositions to influence CL/P risk. Understanding these 

interactions could pave the way for preventative interventions, such as nutritional 

supplementation or targeted health policies aimed at reducing environmental risk factors. 
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V. CONCLUSION 

This study represents the first application of Whole Exome Sequencing (WES) and 

bioinformatics approaches to explore the molecular basis of orofacial clefts (OFCs) in the 

Uzbekistan population. By focusing on a single family with a history of cleft lip and/or palate 

(CL/P), we were able to identify 19 genes containing 25 gene variants, some of which represent 

novel variants that have not been previously associated with OFCs. This research not only 

broadens our understanding of the genetic underpinnings of CL/P in an underrepresented 

population but also opens the door for future investigations into population-specific risk factors 

and potential therapeutic targets. 

Advancement Beyond Traditional Genetic Approaches 

Previous studies of genetic disorders, including OFCs, have often relied on traditional 

methods such as karyotyping to identify chromosomal abnormalities in affected patients. While 

such approaches have contributed significantly to our understanding of chromosomal disorders, 

they are limited in their ability to detect the subtle genetic variations—such as point mutations, 

small insertions, and deletions—that are frequently responsible for complex, multifactorial 

conditions like CL/P. 

In contrast, WES allows for a more comprehensive exploration of the coding regions of the 

genome, where many disease-causing mutations are found. This study leveraged WES to identify 

genetic variants at the nucleotide level, providing a more precise picture of the molecular 

mechanisms driving the development of OFCs in the studied family. By using variant filtering and 

segregation analysis, we were able to narrow down the vast pool of genetic variants to those most 

likely to play a role in the disorder, further refining our understanding of the genetic architecture 

of CL/P. 

Key Findings and Candidate Genes 

Among the 25 gene variants identified in this study, two candidate genes, LGR6 and 

C1orf167, stood out as being of particular interest due to their previous associations with 
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craniofacial development. LGR6, a gene involved in G-protein coupled receptor signaling, has 

been implicated in the development of salivary glands and other craniofacial structures, and its 

variants have been linked to CL/P in other populations. Similarly, C1orf167, a gene with a role in 

mandibular and maxillary development, has also been associated with craniofacial malformations, 

including OFCs. The presence of these variants in affected family members provides further 

evidence that these genes may play a key role in the pathogenesis of CL/P in the Uzbekistan 

population. 

In addition to these previously reported genes, this study identified several novel variants 

that may contribute to the occurrence of OFCs. These variants, while requiring further validation, 

represent potential new targets for future research and could help explain the genetic diversity of 

CL/P across different populations. Identifying population-specific variants is particularly 

important for regions like Uzbekistan, where genetic data on OFCs is sparse and where 

environmental and cultural factors may interact with genetic predispositions in unique ways. 

STRING Analysis and Protein–Protein Interactions 

The use of STRING analysis in this study provided additional insights into the protein–

protein interactions (PPIs) that may underlie CL/P. One of the most significant findings from the 

STRING network analysis was the relationship between the HLA-DQA1 candidate gene and the 

well-established craniofacial gene IRF6. IRF6 has long been recognized as a major player in 

craniofacial development, particularly in relation to Van der Woude syndrome and non-syndromic 

CL/P. The discovery of an interaction between HLA-DQA1 and IRF6 suggests that immune-

related mechanisms may also play a role in the development of OFCs. This finding aligns with 

emerging research that points to the involvement of immune dysregulation and inflammatory 

pathways in the etiology of CL/P. 

The identification of interactions between immune system genes and developmental genes 

like IRF6 expands our understanding of the complex biological networks that regulate craniofacial 

morphogenesis. These findings suggest that the pathogenesis of CL/P may not be limited to direct 
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genetic effects on structural genes, but could also involve modulation of immune responses during 

critical stages of embryonic development. This insight may have important implications for 

precision medicine, as it suggests that both genetic and immunological factors could be considered 

when developing targeted interventions or therapies for individuals at risk of CL/P. 

Implications for Precision Medicine and Future Research 

One of the most promising aspects of this study is its potential application to precision 

medicine. By identifying specific genetic variants that are linked to CL/P in the Uzbekistan 

population, this research lays the groundwork for the development of personalized diagnostic and 

therapeutic strategies. For example, genetic screening tools could be designed to identify 

individuals or families carrying high-risk variants, allowing for early diagnosis and preventative 

interventions. Moreover, understanding the molecular pathways affected by these variants could 

guide the development of targeted therapies aimed at correcting or mitigating the effects of specific 

mutations. 

The findings from this study also underscore the importance of conducting further research 

into the genetic basis of CL/P, particularly in populations that have been underrepresented in 

genetic studies. The identification of novel variants in the Uzbekistan population suggests that 

there may be significant genetic diversity in the causes of OFCs, and that population-specific 

studies are essential for capturing the full spectrum of genetic contributors to this disorder. Future 

research should focus on expanding the sample size to include more families from diverse regions 

of Uzbekistan and beyond, and on conducting functional studies to validate the biological effects 

of the identified variants. 

Additionally, establishing a genome database for the Uzbekistan population would 

significantly enhance the ability to conduct more precise genetic research in the region. Such a 

database would provide a reference for assessing the frequency of specific variants and for 

identifying potential founder mutations or genetic isolates that may be present in this population. 
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It would also facilitate comparative studies between Uzbekistan and other populations, helping to 

uncover shared genetic risk factors as well as unique population-specific variants. 
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