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 Background: Endometriosis is a complex gynecological disorder with a 

strong genetic component. Although genome-wide association studies 

(GWAS) have identified numerous risk loci, the functional interpretation of 

protein-altering missense variants remains limited. Objective: This study 

identified pathogenic missense variants linked to endometriosis risk using 

publicly available GWAS data and explored implications for genetic risk 

detection, particularly in underrepresented populations such as Indonesia.  

Methods: Endometriosis-associated missense single nucleotide 

polymorphisms (SNPs) were identified from GWAS data, and a total of eight 

missense SNPs were analyzed. Functional effects were evaluated in silico 

using PolyPhen-2 and SIFT. Allele frequency distributions were assessed 

across global populations, and pathway enrichment analysis was conducted 

using the Reactome database. Results: Several missense variants were 

significantly associated with increased endometriosis risk (e.g., rs75801644, 

OR = 3.88; rs144824657, OR = 3.52), while rs2341097 showed a potential 

protective effect. Functional prediction prioritized variants in genes such as 

KCNG2 and BSG as potentially damaging. Population analyses revealed 

marked allele frequency differences, and enriched pathways were related to 

potassium channel activity, metabolism, extracellular matrix organization, 

and signal transduction. Conclusion: This study identifies missense variants 

contributing to endometriosis susceptibility and provides insight into 

biological pathways. Further experimental validation and clinical studies are 

warranted.  
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INTRODUCTION 

Endometriosis is a prevalent, estrogen-dependent gynecological disorder characterized by the 

presence of endometrial-like tissue outside the uterine cavity, causing chronic pelvic pain, infertility, 

and reduced quality of life.1, 2 Although environmental and hormonal factors contribute to disease 

development, genetic predisposition plays a significant role in susceptibility and may account for 

approximately 50% of risk variability.1 Understanding the genetic basis of endometriosis is important 

for the development of improved diagnostic tools and targeted therapies.3 

Genome-wide association studies (GWAS) have transformed the study of complex disease 

genomics by enabling the identification of common genetic variants associated with a wide range of 

traits, including endometriosis. Recent GWAS meta-analyses involving diverse populations have 

identified numerous risk loci across nearly all autosomal chromosomes, with chromosomes 1, 6, and 

11 harboring variants showing highly significant associations with endometriosis susceptibility.4,5 

These loci often include genes involved in hormone metabolism, inflammatory signaling, and 

cellular adhesion, which are all relevant to endometriosis pathophysiology.6 However, a major 

challenge is that most associated variants are located in non-coding regions, such as introns, 

intergenic regions, and regulatory elements, making functional interpretation difficult.7-9 

Non-coding variants are likely to exert their effects by modulating gene expression rather than 

altering protein structure, thereby influencing when, where, and how much a gene is expressed.10 

These regulatory regions act as control nodes that orchestrate complex transcriptional programs 

important for cellular functions, including the maintenance and invasiveness of ectopic endometrial 

tissue. Nevertheless, some exonic variants with protein-altering consequences, including missense 

or synonymous changes, have been identified and may have direct functional effects relevant to 

disease pathogenesis.11 For example, somatic mutations in the KRAS oncogene identified in 

endometriotic lesions underscore the potential contribution of coding variants to disease 

progression.10,12 

This study leverages publicly available GWAS datasets to specifically identify pathogenic 

variants that result in protein changes, as these are more likely to directly affect the molecular 

mechanisms underlying endometriosis.13 By prioritizing protein-altering variants through 
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comprehensive bioinformatics analyses, this study aims to identify potential causal mutations that 

may disrupt endometrial cell function or immune modulation.14 This strategy complements 

regulatory variant analysis by focusing on variants with a higher likelihood of direct functional 

impact. 

Identification of such pathogenic variants is important for advancing precision medicine in 

endometriosis, including the development of molecularly targeted therapies and personalized risk 

prediction models.15 Previous studies have reported somatic mutations, such as those in KRAS, in 

ectopic endometrial tissue, highlighting the relevance of protein-coding changes in endometriosis 

pathogenesis.10,12 By elucidating inherited variants with similar protein-altering effects, this study 

seeks to address gaps in the current understanding of the genetic contributors to endometriosis.15 

Combining GWAS data with protein function prediction may provide a promising approach for 

dissecting the genetic complexity of endometriosis. This investigation may also have translational 

value for improving disease management and therapeutic development.  

Despite the growing number of GWAS identifying loci associated with endometriosis, the 

functional characterization of protein-altering missense variants remains relatively underexplored. 

This knowledge gap limits the translation of genetic associations into mechanistic understanding and 

clinical application. Therefore, prioritizing pathogenic missense variants is an important step toward 

elucidating molecular mechanisms underlying endometriosis and advancing precision medicine 

approaches. 

Accordingly, this study aims to identify and prioritize pathogenic missense variants associated 

with endometriosis using GWAS data. By integrating protein function prediction, population allele 

frequency analysis, and pathway enrichment analysis, this study seeks to identify biologically 

relevant variants that may contribute to endometriosis susceptibility. The findings are expected to 

provide a foundation for future genetic risk assessment and molecular-based early detection 

strategies, particularly in underrepresented populations such as Indonesia. 

METHODS 

Retrieval and Annotation of Endometriosis-associated SNPs 

 In this study, the primary goal was to identify pathogenic genetic variants implicated in 

endometriosis that alter protein sequences, with a specific focus on missense mutations that cause 

amino acid substitutions with potential functional consequences. Endometriosis-associated SNPs 

were retrieved from the NHGRI-EBI GWAS Catalog (https://www.ebi.ac.uk/gwas/) using the 

keyword “Endometriosis”.16 The database search, conducted on November 12, 2025, yielded a total 

of 729 reported variants and corresponding risk alleles associated with endometriosis.  
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To enhance biological interpretability, the initial dataset was systematically refined by 

restricting the analysis to exonic missense variants, defined as single nucleotide substitutions within 

protein-coding regions that result in amino acid changes. These variants were prioritized because 

missense mutations are more likely to directly affect protein structure, stability, or function than non-

coding variants. Pathogenic missense variants were further prioritized because they are more likely 

to exert functional effects relevant to disease susceptibility and progression. This targeted filtering 

strategy enabled the identification of protein-altering variants with increased potential to contribute 

to the molecular mechanisms underlying endometriosis.17 

Bioinformatic Prediction of Missense Variant Effects 

 Endometriosis-associated SNPs obtained from the GWAS Catalog were functionally 

annotated using SNPnexus (https://www.snp-nexus.org/), which integrates multiple predictive 

algorithms, including PolyPhen-2 18 and SIFT,19 to evaluate the potential effects of genetic variants 

on protein function.20 PolyPhen-2 (Polymorphism Phenotyping v2) estimates the potential impact of 

amino acid substitutions on protein structure and function by combining sequence- and structure-

based features and classifies variants as benign, possibly damaging, or probably damaging.18, 20, 21 

SIFT (Sorting Intolerant From Tolerant) evaluates the functional consequences of substitutions based 

on evolutionary conservation and amino acid properties and categorizes variants as tolerated or 

deleterious.19,20 The combined use of these tools enables a more comprehensive assessment of the 

potential pathogenicity of missense variants and provides insight into their possible biological 

relevance to endometriosis. 

Population Distribution of SNP Alleles Based on 1000 Genomes Data 

 Population allele frequencies of the selected SNPs were analyzed using the SNPnexus 

platform, incorporating data from the 1000 Genomes Project. This database classifies individuals 

into five major ancestral groups: African, American, European, East Asian, and South Asian 

populations, and provides comprehensive information on human genetic variation. Through this 

analysis, allele frequencies were estimated for each continental population, enabling a broader 

understanding of global genetic diversity.22, 23 

Pathway Enrichment Analysis 

Pathway enrichment analysis and SNP annotation were performed using SNPnexus 

(https://www.snp-nexus.org/). This platform functionally annotates submitted variants by integrating 

information from multiple biological databases. Each SNP was mapped to its corresponding genes 

and biological pathways based on the Reactome database.20,24 Enrichment analysis was then 

performed to identify pathways significantly associated with genes containing the analyzed variants, 

with statistical significance determined using the hypergeometric test to calculate p-values. 

https://doi.org/10.58185/jkr.v16i2.407
https://portal.issn.org/resource/ISSN/2354-8762
https://www.snp-nexus.org/
https://www.snp-nexus.org/


Santri, et al.: Uncovering pathogenic missense variants… Jurnal Kesehatan Reproduksi 

December 2025; 16(2): 147-161 
 

DOI: 10.58185/jkr.v16i2.407 

ISSN: 2354-8762 (Online)  151 

 

Ethical Considerations 

 This study used secondary data obtained from publicly available databases, including the 

NHGRI-EBI GWAS Catalog, SNPnexus, the 1000 Genomes Project, and Reactome. All data were 

anonymized and did not involve direct interaction with human participants or access to individual-

level identifiable information. Therefore, approval from an institutional review board or ethics 

committee was not required. 

RESULTS 

Genetic Associations of Missense Variants with Endometriosis Risk Revealed by 

GWAS 

This analysis identified eight missense variants significantly associated with endometriosis 

risk, with odds ratios ranging from a potential protective effect to more than a threefold increase in 

risk, highlighting variants with potential functional relevance. This study aimed to identify genetic 

variants, particularly pathogenic missense mutations, associated with increased endometriosis risk 

using a GWAS approach. Missense variants are mutations in which a single nucleotide change results 

in a different amino acid in the encoded protein, which may alter protein function and influence 

disease risk. Table 1 presents several single-nucleotide polymorphisms (SNPs) identified as 

missense variants associated with endometriosis risk. Each SNP is listed with its p-value and odds 

ratio (OR), indicating the strength and significance of its association with the disease. Variants such 

as rs75801644 and rs144824657 have very low p-values and high odds ratios, suggesting strong 

associations with increased endometriosis susceptibility. In contrast, some variants show more 

modest risk increases, while rs2341097 appears to have a protective effect, with an OR substantially 

below 1. 

Table 1 highlights the genetic complexity underlying endometriosis by showing both high-

risk and potentially protective missense variants. Odds ratios above 1 for most SNPs indicate 

increased odds of disease, with some variants associated with more than a threefold increase in risk. 

The p-values indicate that these associations are unlikely to be due to chance. These results provide 

evidence for the involvement of specific protein-altering variants in endometriosis and support 

further studies to investigate their biological effects and potential clinical relevance. 
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Table 1. Missense Variants of Endometriosis-Associated Risk SNPs 

SNPs p-value Odds ratio 

rs116250606 1 x 10-7 3.24 

rs3820445 6 x 10-7 2.04 

rs75801644 8 x 10-10 3.88 

rs144824657 1 x 10-6 3.52 

rs2276314 7 x 10-6 1.31 

rs75339189 3 x 10-6 1.1 

rs2341097 1 x 10-5 0.05 

rs2278868 5 x 10-7 1.14 

Polyphen-2 Analysis of Endometriosis-Associated Missense Variants and Predicted 

Effects on Protein Function  

The section evaluates how different missense variants may affect the function of proteins 

produced by genes linked to endometriosis (Table 2). Each row in the table lists a variant identifier 

(SNP), its chromosome position, the specific nucleotide alteration, the related gene, the amino acid 

position impacted, the Polyphen-2 score, and the predicted effect on protein function. Polyphen-2 

scores near zero suggest that the variant is likely harmless and probably does not significantly alter 

protein function, while higher scores imply a possible detrimental effect. Most of the variants, 

including those in CALHM3, C18orf21, and GPNMB genes, are predicted to be benign based on low 

scores, indicating these mutations are unlikely to cause major changes in the protein's structure or 

function. 

However, there are a few variants with higher Polyphen-2 scores, such as rs75339189 in the 

KCNG2 gene and one of the changes involving rs144824657 in the BSG gene, categorized as 

"possibly damaging," indicating these mutations could potentially impair protein function and 

contribute more directly to endometriosis pathogenesis. This prediction is critical because damaging 

missense variants may alter protein stability, binding, or activity, thereby influencing disease 

mechanisms. Overall, Table 2 provides valuable insights by combining genetic association data with 

functional predictions, helping prioritize variants for further experimental validation in 

understanding endometriosis at the molecular level. 
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Table 2. PolyPhen-2 Predictions for Endometriosis-Associated Missense Variants 

Variation ID Chromosome Position Variant Gene 
AA 

Position 
Score Prediction 

rs116250606 chr10 103473496 C/T CALHM3 251 0.006 Benign 

rs2276314 chr18 35977503 A/T C18orf21 44 0.085 Benign 

rs2276314 chr18 35977503 A/G C18orf21 44 0.001 Benign 

rs75339189 chr18 79899553 C/A KCNG2 380 0.673 Possibly Damaging 

rs144824657 chr19 577782 G/A BSG 26 0.001 Benign 

rs144824657 chr19 577782 G/T BSG 26 0.593 Possibly Damaging 

rs2341097 chr19 45765644 C/T SIX5 112 0.317 Benign 

rs2341097 chr19 45765644 C/T SIX5 693 0.169 Benign 

rs75801644 chr7 23266522 G/A GPNMB 354 0.003 Benign 

rs75801644 chr7 23266522 G/A GPNMB 342 0.015 Benign 

rs75801644 chr7 23266522 G/A GPNMB 370 0.013 Benign 

SIFT Analysis of Endometriosis-Associated Missense Variants and Predicted Effects 

on Protein Function 

The SIFT analysis presented in Table 3 evaluates the functional impact of missense variants 

associated with endometriosis by predicting whether changes in amino acid sequences will affect 

protein function. Each entry in the table includes information such as the variation ID (SNP), 

chromosome location, nucleotide change, gene name, amino acid position, SIFT score, and the 

predicted effect on the protein. The SIFT score ranges from 0 to 1, where scores closer to 1 indicate 

that the variant is likely "tolerated," meaning it probably does not have a significant impact on protein 

function. Conversely, scores near 0 suggest a "deleterious" effect, implying that the variant may 

impair protein activity. This functional prediction is essential for understanding how genetic 

variations contribute to disease mechanisms at the molecular level. 

Most variants listed in Table 3 are predicted to be tolerated, suggesting these mutations are 

unlikely to significantly disrupt protein function. For example, missense variants in genes such as 

CALHM3, SKAP1, C18orf21, and GPNMB have high SIFT scores (close to or equal to 1), indicating 

that the amino acid substitutions they cause are probably benign. This tolerance implies that these 

proteins can maintain their normal structure and function despite the genetic changes, which means 

these variants may only play minor roles, if any, in the pathogenesis of endometriosis. Identifying 

tolerated variants helps filter out less likely candidates for causal involvement in the disease. 

In contrast, several variants show SIFT scores approaching zero, classifying them as 

deleterious. Notably, variants in genes like BSG (rs144824657) and SIX5 (rs2341097) receive very 

low scores, indicating potentially harmful effects on protein function. These deleterious predictions 

highlight variants that may disrupt critical protein activities such as binding, signaling, or structural 
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stability, thereby contributing more directly to the development and progression of endometriosis. 

Pinpointing these potentially damaging variants is crucial for prioritizing variants for further 

experimental validation, functional studies, and potential therapeutic targeting. Overall, the SIFT 

analysis in Table 3 complements other protein function prediction tools to deepen our understanding 

of the molecular basis of endometriosis. 

Table 3. SIFT Predictions for Endometriosis-Associated Missense Variants 

Variation ID Chromosome Position Variant Gene 
AA 

Position 
Score Prediction 

rs116250606 chr10 103473496 C/T CALHM3 251 1 Tolerated 

rs2278868 chr17 48184809 C/T SKAP1 161 1 Tolerated 

rs2276314 chr18 35977503 A/G C18orf21 44 0.81 Tolerated 

rs2276314 chr18 35977503 A/T C18orf21 44 0.98 Tolerated 

rs75339189 chr18 79899553 C/A KCNG2 380 0.07 Tolerated 

rs144824657 chr19 577782 G/A BSG 26 0.89 Tolerated 

rs144824657 chr19 577782 G/T BSG 26 0 Deleterious 

rs2341097 chr19 45765644 C/T SIX5 693 0.01 Deleterious 

rs2341097 chr19 45765644 C/T SIX5 693 0.01 Deleterious 

rs75801644 chr7 23266522 G/A GPNMB 354 0.6 Tolerated 

rs75801644 chr7 23266522 G/A GPNMB 342 0.76 Tolerated 

rs75801644 chr7 23266522 G/A GPNMB 370 0.43 Tolerated 

Allele Frequencies of Endometriosis-associated SNPs Across Global Populations 

Table 4 provides valuable insight into the genetic variability of endometriosis risk variants 

among different ethnic groups around the world. This table lists the reference (REF) and alternative 

(ALT) alleles for several SNPs identified as associated with endometriosis, along with their allele 

frequencies in diverse populations, including African, American, East Asian, European, and South 

Asian populations. The frequency data indicate how common or rare these variants are in each 

population, highlighting important differences that can influence genetic susceptibility to the disease 

across ethnicities. For example, the variant rs2278868 shows a very high ALT allele frequency in 

East Asian (0.7827) and South Asian (0.7536) populations, whereas its frequency in African 

populations is lower (0.357). This disparity suggests a population-specific distribution that could 

affect the overall risk profile and prevalence of endometriosis in these groups. 

Moreover, some variants like rs116250606 and rs75801644 demonstrate low frequencies 

across most populations or are completely absent in certain groups, implying that these variants might 

have a more restricted or localized impact on disease risk. Absence of data (noted as "None") for 

some SNPs in certain populations could reflect low variant occurrence, limited sampling, or lack of 

comprehensive genomic studies in those populations. Understanding these allele frequency patterns 
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is crucial for epidemiological studies and for the design of genetically informed diagnosis and 

treatment strategies. This genetic diversity underlines the importance of including multiple ethnic 

groups in genetic research to ensure the findings are broadly applicable and to identify population-

specific genetic risk factors that may guide personalized medicine approaches for endometriosis. 

Table 4. Allele Frequencies of Endometriosis-Associated SNPs Across Global Populations 

Variation ID REF Allele ALT Allele 
Allele Frequency 

Africa America East Asia Europe South Asia 

rs116250606 C T 0.0923 0.0072 None None None 

rs2278868 C T 0.357 0.6484 0.7827 0.5885 0.7536 

rs2276314 A G 0.323 0.1859 0.248 0.2137 0.2352 

rs75339189 C A None None None None None 

rs75339189 C T 0.0083 0.0706 0.0169 0.1093 0.0256 

rs144824657 G A None None None None None 

rs144824657 G T None 0.0072 None 0.0089 None 

rs2341097 C T 0.3298 0.2305 0.2937 0.3231 0.2822 

rs75801644 G A 0.0008 0.0202 None 0.0298 0.0051 

The pathway enrichment analysis 

The pathway enrichment analysis shown in Table 5 highlights the biological pathways that 

are significantly associated with the endometriosis-related missense variants uncovered in this study. 

The table lists pathway IDs, their functional descriptions, parent pathway categories, p-values 

indicating statistical significance, genes involved, and corresponding variant IDs. Notably, several 

pathways associated with neuronal systems, metabolism, extracellular matrix organization, transport 

of small molecules, disease, and signal transduction are enriched with genetic variants, suggesting 

diverse molecular mechanisms underlying endometriosis. 

A primary focus is on pathways related to potassium channels and voltage-gated potassium 

channels within the neuronal system, both involving the KCNG2 gene and its variant rs75339189. 

These channels play critical roles in regulating membrane potential and cellular signaling, processes 

that may be disrupted in endometriosis. Metabolic pathways, including the citric acid (TCA) cycle, 

respiratory electron transport, integration of energy metabolism, and pyruvate metabolism, are also 

enriched, driven largely by variants in the BSG gene (e.g., rs144824657). The involvement of 

metabolic pathways suggests that energy production and mitochondrial function may be altered in 

endometriosis pathophysiology. 

Additionally, pathways involved in extracellular matrix organization such as degradation of 

the extracellular matrix and integrin cell surface interactions, again linked to BSG, point to changes 

in tissue remodeling and cell adhesion, which are central to endometriosis lesion formation. Signal 

transduction pathways involving the GPNMB gene and variant rs75801644 relate to PTK6 signaling 
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and HIF1A stabilization, processes important for cellular responses to stress, hypoxia, and 

proliferation. Together, these enriched pathways reveal how variants may affect various biological 

systems, offering potential targets for therapeutic intervention and advancing the molecular 

understanding of endometriosis. 

Table 5. Pathway Enrichment Analysis of Endometriosis-Associated Missense Variants 

Pathway ID Description Parent(s) p-Value 
Genes 

Involved 
Variation IDs 

R-HSA-

1296071 
Potassium Channels 

Neuronal 

System 
0.028407 KCNG2 rs75339189 

R-HSA-

1296072 

Voltage gated 

Potassium channels 

Neuronal 

System 
0.011926 KCNG2 rs75339189 

R-HSA-

1428517 

The citric acid (TCA) 

cycle and respiratory 

electron transport 

Metabolism 0.044704 BSG rs144824657 

R-HSA-

1474228 

Degradation of the 

extracellular matrix 

Extracellular 

matrix 

organization 

0.038478 BSG rs144824657 

R-HSA-

163685 

Integration of energy 

metabolism 
Metabolism 0.029772 KCNG2 rs75339189 

R-HSA-

210991 
Basigin interactions Hemostasis 0.006945 BSG rs144824657 

R-HSA-

216083 

Integrin cell surface 

interactions 

Extracellular 

matrix 

organization 

0.023482 BSG rs144824657 

R-HSA-

381676 

Glucagon-like Peptide-

1 (GLP1) regulates 

insulin secretion 

Metabolism 0.011649 KCNG2 rs75339189 

R-HSA-

422356 

Regulation of insulin 

secretion 
Metabolism 0.021562 KCNG2 rs75339189 

R-HSA-

425366 

Transport of bile salts 

and organic acids, metal 

ions and amine 

compounds 

Transport of 

small 

molecules 

0.023756 BSG rs144824657 

R-HSA-

433692 

Proton-coupled 

monocarboxylate 

transport 

Transport of 

small 

molecules 

0.00167 BSG rs144824657 

R-HSA-

5619070 

Defective SLC16A1 

causes symptomatic 

deficiency in lactate 

transport (SDLT) 

Disease 0.000557 BSG rs144824657 

R-HSA-

5619102 

SLC transporter 

disorders 
Disease 0.027314 BSG rs144824657 

R-HSA-

5619115 

Disorders of 

transmembrane 

transporters 

Disease 0.048211 BSG rs144824657 

R-HSA-

70268 
Pyruvate metabolism Metabolism 0.008607 BSG rs144824657 

R-HSA-

71406 

Pyruvate metabolism 

and Citric Acid (TCA) 

cycle 

Metabolism 0.015237 BSG rs144824657 

R-HSA-

8848021 
Signaling by PTK6 

Signal 

Transduction 
0.014961 GPNMB rs75801644 

R-HSA-

8857538 

PTK6 promotes HIF1A 

stabilization 

Signal 

Transduction 
0.00167 GPNMB rs75801644 
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R-HSA-

9006927 

Signaling by Non-

Receptor Tyrosine 

Kinases 

Signal 

Transduction 
0.014961 GPNMB rs75801644 

DISCUSSION 

This study advances the understanding of the genetic basis of endometriosis by identifying 

missense variants strongly associated with disease risk using a GWAS-based approach. Compared 

with prior GWAS efforts, such as the meta-analysis by Rahmioglu et al. (2014),25 which confirmed 

several loci associated with endometriosis across diverse populations, this study highlights high-

impact missense variants (e.g., rs75801644 and rs144824657) with relatively large effect sizes (OR 

> 3). While earlier studies often reported variants with modest effect sizes (OR around 1.1-1.3), this 

analysis emphasizes variants that may exert stronger biological effects and therefore helps narrow 

the gap between association signals and functional interpretation. Unlike studies focused mainly on 

non-coding or regulatory variants, this research prioritizes protein-altering missense mutations, 

providing a clearer link to altered protein function and disease-related pathways.26 

The integration of functional prediction tools such as PolyPhen-2 and SIFT is a strength of 

this study because it helps prioritize variants that are more likely to affect protein structure and 

function, an approach aligned with recent work advocating in silico prioritization followed by 

experimental validation of GWAS hits.27, 28 Predicting deleterious or damaging effects adds 

biological plausibility beyond statistical association alone.29 However, this study is limited by its 

reliance on in silico predictions without direct experimental validation, which is still needed to 

confirm the actual effects of these variants on protein function and disease phenotypes. In addition, 

although allele frequency analysis across global populations provides useful insight into genetic 

diversity, the absence of some variants in certain populations highlights the need for broader and 

more inclusive studies, particularly in underrepresented populations.30 

A further strength of this study is the pathway enrichment analysis, which links prioritized 

variants to biological processes such as potassium channel function, metabolism, extracellular matrix 

organization, and signal transduction. This systems-level view is consistent with emerging evidence 

that endometriosis is a multifactorial disease involving altered metabolism and tissue 

microenvironment remodeling. By identifying pathways such as PTK6 signaling and hypoxia-related 

signaling, this study suggests potential directions for future therapeutic investigation.31 However, 

pathway analysis depends on currently available annotation databases and may not capture novel or 

context-specific interactions relevant to disease pathology. Future studies integrating multi-omics 

data and functional assays will be needed to validate these pathway-level hypotheses and clarify 

gene-environment interactions.32 
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This study also addresses gaps in previous GWAS reports by focusing on missense variants 

rather than broader SNP associations, thereby providing more direct mechanistic hypotheses 

regarding how specific protein changes may contribute to endometriosis. However, the analysis does 

not stratify findings by endometriosis subtype or disease severity, a limitation that has been noted in 

prior work, including Rahmioglu et al., who reported stronger genetic effects in severe phenotypes.25 

Incorporating detailed phenotypic data in future studies may improve genotype-phenotype 

interpretation and support more accurate risk prediction. Moreover, despite the functional predictions 

presented here, the study does not include longitudinal or clinical correlation analyses to assess the 

effects of these variants on disease progression or treatment response. 

From a public health perspective, these findings contribute to the growing evidence base for 

genetic risk stratification in endometriosis. In countries such as Indonesia, where delayed diagnosis 

remains common, identifying functionally relevant genetic variants may support the future 

development of early detection strategies and precision reproductive health approaches. However, 

this study remains limited by the absence of experimental validation, phenotype-stratified analyses, 

and sufficient representation of some ethnic groups in existing GWAS datasets. Future studies that 

integrate functional assays and diverse cohorts are needed to validate and extend these findings. 

CONCLUSION 

This study strengthens current knowledge of endometriosis genetics by identifying high-

impact missense variants and characterizing their predicted functional effects and pathway 

associations. Compared with previous literature, this work narrows the focus from general 

association signals to potentially functional protein-altering variants, representing a step toward 

molecularly informed diagnostics and therapeutics. This study also demonstrates an integrative 

genomics approach that combines GWAS data, protein function prediction, population genetics, and 

pathway enrichment analysis to generate biologically meaningful hypotheses about endometriosis 

pathogenesis. Its main strengths lie in variant prioritization and biological contextualization, whereas 

its key limitations include the lack of experimental validation, limited clinical phenotyping, and 

incomplete population representation. Further studies using functional assays and ethnically diverse 

cohorts are required to validate these findings and improve their broader applicability. These results 

may serve as an initial reference for future genetic studies and early risk detection strategies for 

endometriosis, particularly in settings such as Indonesia where genomic-based reproductive health 

research is still limited. 
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RECOMMENDATION 

Future studies should validate the identified variants through functional assays and population-

specific analyses, particularly in underrepresented groups, to support translation into genetic risk 

assessment and personalized endometriosis management. 
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