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 Rheumatoid arthritis (RA) is an autoimmune disease involving the 

interaction of genetic and immunological factors. Genome-wide association 

studies (GWAS) have identified many RA risk loci, but the biological 

mechanisms linking genetic variation to disease pathogenesis are not yet 

fully understood. This study aims to prioritize RA candidate genes through a 

multi-database bioinformatics approach. SNPs significantly associated with 

RA were obtained from the GWAS catalog, followed by linkage 

disequilibrium (LD) screening and functional annotation to identify 

missense variants. The data were integrated with cis-expression quantitative 

trait loci (cis-eQTL) information, gene ontology (GO) annotation, and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) molecular pathway mapping. 

Genes with a total score ≥2 were classified as RA risk genes. A total of 

3.145 RA-significant SNPs were identified, of which 58 were missense 

variants that could potentially affect protein function. The integration of cis-

eQTL and functional annotation resulted in a number of candidate genes 

with the highest scores (score = 4), where TYK2, IL23R, and IRAK1 were 

identified as priority RA genes in the main immune pathways, namely JAK–

STAT signaling, IL-23/Th17 axis, and Toll-like receptor–NF-κB signaling. 

These findings demonstrate that this multi-database-based bioinformatics 

approach successfully identifies RA candidate genes with strong biological 

relevance. 
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1. INTRODUCTION 

Rheumatoid arthritis (RA) is a chronic autoimmune disease that primarily affects the joints and is 

characterized by persistent synovial inflammation, cartilage destruction, bone erosion, and long-term 

functional disability [1]. Globally, the prevalence of RA is approximately 17.6 million cases, with a higher 

incidence in women than in men, and the burden of disease increases with age [2]. In Indonesia, the 

prevalence of RA was reported by Riskesdas to be 11.9% based on medical diagnosis and increased to 24.7% 

based on clinical symptoms. This confirms the significant impact of RA on the public health system [3]. 

RA is a complex disease with a strong genetic contribution. Evidence from family and twin studies 

shows that genetic factors contribute substantially to the risk of RA, with heritability estimated to be around 50-

60%. This indicates that genetic variation plays an important role in determining an individual's susceptibility to 

RA [4]-[6]. Genetic factors not only influence RA risk but also play a role in various stages of pathogenesis, 

including impaired immune tolerance, activation of autoreactive T and B cells, and regulation of 

proinflammatory cytokine production. Furthermore, genetic variation also contributes to the heterogeneity of 
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RA clinical manifestations and differences in the dominant immunological pathways activated in each 

individual [7], [8]. Therefore, the identification and characterization of RA risk genes is a fundamental step in 

bridging genetic association findings with an understanding of the molecular mechanisms of the disease, as well 

as revealing the biological pathways underlying chronic autoimmune inflammation. 

Various genomic studies, particularly genome-wide association studies (GWAS), have identified 

thousands of single nucleotide polymorphisms (SNPs) associated with an increased risk of RA. Previous studies 

have reported that 23 non-synonymous SNPs directly affect protein function, including rs2476601 in the PTPN22 

gene, rs5029941 and rs2230926 in the TNFAIP3 gene, and rs34536443 in the TYK2 gene [9]. Additionally, other 

genetic variations involved in T cell activation and regulation, such as rs181758100 in the TNFSF4 gene, 

rs3181096 in the CD28 gene, and rs11571319 in the CTLA4 gene [10]. Meanwhile, SNPs rs16917496 in the 3-

UTR region of the SET8 gene has been reported to act as a predictor of RA risk through the regulation of reactive 

oxygen species (ROS) and interleukin-10 (IL-10) levels [11]. However, most of the SNPs identified through 

GWAS are located in non-coding regions or have functional effects that are not yet fully understood, does the 

relationship between genetic variation and the molecular mechanisms of RA is still not entirely clear. 

In addition to genetic variation, the pathogenesis of RA is also influenced by the regulation of gene 

expression through (cis-eQTL) mechanisms, changes in protein structure and function due to missense 

mutations, and the involvement of genes in biological processes and molecular signaling pathways. These 

factors play an important role in regulating the immune response and chronic inflammation that characterize 

RA [12], [13]. However, most studies still evaluate these aspects separately, whether from the perspective of 

missense mutations, gene expression regulation, or functional annotation of GO and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) molecular pathway analysis. As a result, approaches that integrate these 

various layers of genetic information into a comprehensive analytical framework remain limited [1], [14]. 

This gap limits a comprehensive understanding of the functional role of RA risk genes and hinders the 

identification of molecular pathways and more precise therapeutic targets. Advances in bioinformatics enable 

the integration of various public databases such as GWAS catalog, HaploReg, WebGestalt, UniProt, and 

KEGG to systematically and multidimensionally annotate the functional risk genes. This multi-database 

approach allows for more comprehensive mapping between genetic variation and biological function, and has 

the potential to reveal key immunological pathways involved in RA pathogenesis [15], [16]. 
Despite the growing number of genetic studies on rheumatoid arthritis, several important research 

gaps remain. Most previous studies have focused on identifying RA-associated loci through GWAS without 

systematically integrating functional evidence such as missense variants, gene expression regulation, and 

pathway involvement into a unified prioritization framework [14]. Moreover, existing bioinformatics studies 

often evaluate these genetic layers independently, limiting their ability to identify genes with consistent 

biological relevance across multiple functional dimensions [15]. In the Indonesian context, where RA 

prevalence and disease burden are increasing, and molecular epidemiological data remain scarce, this lack of 

integrative genetic analysis hampers the translation of genomic findings into public health strategies, 

including early risk identification and targeted intervention planning [3]. Therefore, an explicit integrative 

bioinformatics approach that connects GWAS signals with functional annotation and prioritization is needed 

to bridge this gap and provide molecular insights that are relevant not only for biological understanding but 

also for public health decision-making in Indonesia. 

Based on this background, this study aims to perform integrated functional annotation of RA risk 

genes using a multi-database bioinformatics approach. This approach combines missense SNPs analysis, cis-

eQTL, GO annotation, and KEGG molecular pathway analysis. It is expected to strengthen the understanding 

of the functional role of RA risk genes and support the development of a scientific framework for more 

precise molecular target identification. 

 

 

2. METHOD 

This study is a multi-database bioinformatics study that aims to identify and prioritize RA risk genes 

through integrated functional annotation using public genomic databases. The analysis was conducted by 

combining information from missense SNPs, cis-eQTLs, GO, and UniProt KB-KEGG molecular pathways to 

obtain a more comprehensive biological understanding of RA pathogenesis. 

 

2.1.  Bioinformatics data sources 

This study is based on a secondary analysis utilizing various publicly available bioinformatics data, 

including the GWAS catalog (https://www.ebi.ac.uk/gwas/), HaploReg version 4.2 

(https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php), WebGestalt (https://www.webgestalt.org/), 

and UniProt KB-KEGG (https://www.uniprot.org/) (https://www.kegg.jp/), accessed on October 28, 2025 as 

the main analysis. The process of searching for bioinformatics data sources can be seen in Figure 1. 

https://www.ebi.ac.uk/gwas/
https://www.uniprot.org/
https://www.kegg.jp/
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All genomic coordinates were harmonized to the human reference genome build GRCh37 (hg19) to 

ensure consistency across GWAS summary statistics, eQTL datasets, and functional annotation resources. The 

GWAS data analyzed in this study were derived primarily from publicly available studies conducted in 

European and East Asian populations, reflecting the dominant reference populations in large-scale RA genetic 

studies. Expression quantitative trait loci (eQTL) data were obtained from publicly available repositories based 

on immune-relevant tissues and whole blood, which are commonly used in autoimmune disease research. 
 

2.1.1. Data selection rationale 

The selection of bioinformatics databases in this study was based on their scientific validity, data 

curation standards, and relevance to genetic and functional annotation of rheumatoid arthritis. The GWAS 

catalog was chosen as the primary source of genetic variants because it provides systematically curated, peer-

reviewed associations with standardized significance thresholds, ensuring robust and reproducible variant 

selection. HaploReg v4.2 was selected due to its ability to integrate linkage disequilibrium information with 

functional annotations, including missense variants and cis-expression quantitative trait loci (cis-eQTLs), 

which are essential for assessing regulatory and functional effects of genetic variants. WebGestalt was used 

for gene ontology (GO) analysis because it enables statistically controlled over-representation analysis across 

biological processes, molecular functions, and cellular components. UniProtKB and KEGG were selected for 

pathway mapping as they provide manually curated protein and pathway information, allowing reliable 

interpretation of molecular mechanisms involved in immune and inflammatory signaling. The combined use 

of these databases enables a complementary and multi-layered assessment of RA risk genes that cannot be 

achieved using a single data source [15], [17]. 
 

2.1.2. GWAS catalog 

The GWAS catalog is used as the primary source for identifying all SNPs that have been reported to 

be associated with RA. SNPs searches are performed using the keyword “rheumatoid arthritis” and filtered 

based on the standard genomic significance threshold (p < 5×10⁻⁸) to ensure that only strong and reliable 

association variants are analyzed further. This significance threshold is in accordance with the official 

GWAS catalog guidelines, which are updated regularly and widely used in genomic studies to improve data 

consistency and reproducibility [17], [18]. 
 

2.1.3. HaploReg version 4.2 

HaploReg v4.2 is used for functional annotation of SNPs obtained from the GWAS catalog. This 

database provides information on variant types, including identification of missense SNPs, as well as LD data 

to assess relationships between variants within a genetic locus. In addition, HaploReg is used to evaluate the 

potential regulatory role of SNPs through regulatory element annotation, cis-eQTL analysis, and minor allele 

frequency (MAF) information relevant to understanding variant distribution in populations [19], [20]. 
 

2.1.4. WebGestalt 

WebGestalt was used for GO annotation analysis of identified candidate genes. GO analysis covers 

three main categories, namely biological process, cellular component, and molecular function, to identify the 

dominant biological functions of RA risk genes. The over-representation analysis (ORA) method is applied 

to determine significantly enriched GO categories, enabling functional interpretation of genes in the context 

of RA pathogenesis [21], [22]. 
 

2.1.5. UniProt KB-KEGG 

Uniprot KB is used to obtain curated protein information, including protein function, structural 

domains, and protein involvement in specific biological processes. Data from UniProt KB is then mapped 

into molecular pathways using KEGG to identify biological and immunological pathways relevant to RA. 

This pathway analysis aims to link risk genes to specific molecular mechanisms underlying inflammation and 

immune dysregulation in RA [23]-[25]. Integrative multi-database bioinformatics can be seen in Figure 1. 
 

2.2.  Bioinformatics analysis 

2.2.1. Data collection and quality control of variants 

Genetic variants associated with RA were collected from the GWAS catalog using the keyword 

“rheumatoid arthritis.” All SNPs were filtered based on the standard genomic significance threshold (p < 

5×10⁻⁸) to ensure that only variants with strong associations were analyzed further. The application of this 

threshold aims to minimize the possibility of false positives due to large-scale genomic association testing. 

This process resulted in a total of 3,145 SNPs that met the quality criteria for analysis in the next stage. All 

gene symbols were verified and standardized using the HUGO Gene Nomenclature Committee (HGNC) 
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database to ensure consistent and accurate gene identification. Deprecated symbols and aliases were cross-

checked and updated prior to downstream analyses [26], [27].  
 

 

 
 

Figure 1. Integrative multi-database bioinformatics analysis of rheumatoid arthritis risk genes 
 
 

2.2.2. Linkage disequilibrium (LD) screening 

LD screening was performed using HaploReg v4.2 with a correlation coefficient threshold of r² > 

0.8. This step aims to reduce variant redundancy originating from the same genetic association signal in a 

single locus. By eliminating highly correlated SNPs, the analysis focuses on the most representative variants 

in each LD block. This strategy is commonly used in the fine-mapping process to prioritize variants with 

higher potential biological relevance [18], [28]. 
 

2.2.3. Functional annotation: missense mutations and minor allele frequency (MAF) 

SNPs resulting from LD screening were analyzed using HaploReg v4.2 to identify missense 

variations, namely nucleotide variants that cause amino acid changes and have the potential to directly impact 

protein structure and function. From this analysis, 58 missense SNPs were prioritized as candidates with 

direct functional impact. In addition, each SNPs was annotated with MAF information in Asian, African, 

European, and American populations to evaluate cross-population allele distribution and assess variant 

relevance across populations [29]-[31]. 
 

2.2.4. Gene expression regulation annotation (cis-eQTL)  

Cis-eQTL analysis was performed using HaploReg v4.2 to evaluate the potential influence of SNPs on 

gene expression regulation around target locations. SNPs showing an association with changes in gene expression 

levels were recorded as variants with potential regulatory functions. This stage is important for linking genetic 

variation with transcriptional regulatory mechanisms that contribute to RA pathogenesis [32], [33]. 
 

2.2.5. Gene ontology (GO) analysis 

GO analysis was performed using WebGestalt with the ORA approach. The analysis covered three 

main categories, namely biological process, cellular component, and molecular function, to identify the 

dominant biological functions of candidate genes. The significance threshold was set at a false discovery rate 

(FDR) < 0.05 to control for errors due to multiple testing. The results of the GO analysis were used to 

systematically interpret the biological roles of RA risk genes [34]. 
 

2.2.6. Molecular pathway mapping KEGG pathway 

The next candidate genes are mapped into the KEGG molecular pathway using UniProtKB. This 

step aims to identify biological and immunological pathways involved in RA pathogenesis. The identified 

pathways include major immune signaling pathways such as JAK–STAT, NF-κB, toll-like receptor, and 

inflammatory cytokine pathways known to play a role in autoimmune responses [20], [35]. 
 

2.2.7. Multi-database integration and RA risk gene prioritization 

All annotation results are integrated using the multilayer gene prioritization approach. Each gene is 

assigned a score based on evidence support from multiple annotation layers, namely the presence of missense 

mutations (score 1), cis-eQTL evidence (score 1), involvement in KEGG pathways (score 1), and GO 

analysis significance (score 1). Genes with a total score ≥ 2 are classified as priority RA risk genes that have 

higher biological relevance and potentially play an important role in RA pathogenesis. The integrative 

scoring framework was designed to prioritize genes supported by convergent functional evidence across 

multiple annotation layers rather than relying on a single data source. Each gene received one score per 

functional layer, including missense variant annotation, cis-eQTL evidence, GO enrichment, and KEGG 

pathway involvement. This equal-weight scoring approach was chosen to reduce analytical bias and improve 

interpretability. Genes with higher cumulative scores were considered higher-priority candidates due to 

consistent multi-layer biological support [36], [37]. The multi-database bioinformatics can be seen in Figure 2. 
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2.2.8. Potential bias and limitations of secondary data 

This study is subject to several potential biases inherent to the use of secondary data from public 

databases. First, GWAS data are influenced by population representation bias, as the majority of published 

studies are derived from populations of European ancestry, which may limit the generalizability of findings 

to other populations, including Indonesia. Second, functional annotations such as cis-eQTLs and pathway 

assignments depend on database coverage and tissue availability, potentially underrepresenting disease-

relevant tissues in rheumatoid arthritis. Third, linkage disequilibrium patterns may vary across populations, 

which can affect variant prioritization. To mitigate these limitations, this study applied stringent genome-

wide significance thresholds, linkage disequilibrium filtering, and multi-layer functional integration to 

prioritize genes supported by consistent evidence across independent annotation layers. Nevertheless, the 

findings should be interpreted as hypothesis-generating and require experimental validation and population-

specific studies to confirm biological and public health relevance [27], [28]. 
 

2.2.9. Statistical analysis  

To assess the robustness of the prioritization results, a sensitivity analysis was conducted by 

evaluating gene rankings under alternative scoring scenarios, including partial exclusion of individual 

annotation layers. Core prioritized genes remained consistently ranked among the highest-scoring candidates, 

indicating that the results were not driven by a single data source but reflected stable integrative signals. The 

statistical analysis can be seen in Figure 2. 
 

 

 
 

Figure 2. Multi-database integrative bioinformatics workflow for functional annotation and prioritization of 

RA risk genes 
 

 

3. RESULTS AND DISCUSSION 

Bioinformatics analysis was performed to identify and prioritize gene candidates associated with RA 

based on genetic evidence characteristics and functional annotation. The analysis pipeline included screening 
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SNPs from the GWAS catalog, identifying missense variants, integrating cis-eQTL data, GO annotation, and 

mapping molecular pathways using KEGG. These data layers were integrated into a layered prioritization 

framework to identify RA risk genes with consistent functional evidence. Gene nomenclature and prioritization 

scores were applied consistently across the main text, tables, and figures to ensure coherence in data presentation. 

 

3.1.    Results 

3.1.1. SNPs screening and missense variant identification 

A total of 3,145 SNPs significantly associated with RA (p < 5×10⁻⁸) were identified from the GWAS 

Catalog. Next, LD screening was performed using HaploReg v4.2 with a threshold of r² > 0.8 to reduce genetic 

signal redundancy. This step produced a number of representative variants that were then functionally 

annotated. Functional annotation identified 58 missense SNPs that could potentially cause amino acid changes 

in target proteins. These missense variants were distributed across various candidate genes commonly 

associated with immune function, inflammation, and cellular response regulation. All genes containing these 

missense SNPs were compiled as a basis for further analysis and systematically summarized in Table 1. 
 

3.1.2. Integration of cis-eQTL and candidate gene identification 

Integration of variant data with cis-eQTL was performed using HaploReg v4.2 to strengthen the 

biological relevance of candidate genes. This approach enabled the identification of SNPs with the potential 

to alter proteins and gene regulators. The results showed that 52 candidate genes achieved an integrative 

score ≥ 2, indicating support from multiple layers of functional evidence. A small number of genes showed 

lower scores due to limited annotation support. The distribution of scores and functional annotations are 

presented in detail in Table 1. 

Although a substantial number of genes were identified through missense variant analysis alone, 

integration with cis-eQTL data revealed that genes supported by both structural variation and transcriptional 

regulation evidence achieved higher prioritization scores. This finding indicates that variants influencing both 

protein structure and gene expression have greater biological significance in RA. Compared to genes 

supported by only a single annotation layer, these variants are more consistently associated with RA-related 

biological relevance. 
 

3.1.3. Functional classification based on GO 

Gene ontology analysis was performed to classify the functions of candidate biological genes into 

three main categories, namely biological processes, cellular components, and molecular functions. The 

annotation results show that some candidate genes are involved in processes related to immune response 

regulation, signal transduction, and intercellular communication. At this stage, GO annotation is used as a 

descriptive functional classification without mechanistic interpretation. All GO annotation results are 

summarized as part of the integrative gene score and are shown in Table 1. 
 

3.1.4. Molecular pathway mapping using KEGG 

Molecular pathway mapping was performed by linking candidate genes to the KEGG database via 

UniProtKB. This analysis identified the involvement of a number of genes in molecular pathways related to 

cytokine signaling, innate immune response, immune cell activation, and antigen presentation. The KEGG 

mapping results in this section are presented descriptively as part of the integrative score assessment, without 

further biological interpretation. Complete information regarding the involvement of candidate genes in 

KEGG pathways is presented in Table 1. 
 

3.1.5. Identification of priority RA risk genes 

Based on the results of combining all parameter analyses, candidate genes were ranked to identify genes 

with the most consistent involvement. The ranking results showed that TYK2, IRAK1, and IL23R had the highest 

integrative scores (score = 4), representing involvement in all major analysis parameters. Based on the integrative 

scoring results, TYK2, IL23R, and IRAK1 were identified as priority RA risk genes with the highest total scores. 

These genes showed consistent support across all functional annotation layers, including missense variants, cis-

eQTL evidence, GO annotation, and KEGG pathway involvement. A summary of the functional roles, molecular 

mechanisms, and immune-related pathways associated with these prioritized genes is presented in Table 2.  
 

3.2.  Discussion 

This study applied a multi-database-based bioinformatics approach to prioritize RA candidate genes 

based on a combination of missense SNPs, cis-eQTL regulation, GO annotation, and KEGG molecular 

pathway mapping. This approach enables the identification of genes that are not only genetically associated 

but also show consistent functional involvement in key biological pathways of the immune system. Based on 

the highest integrative score, TYK2, IL23R, and IRAK1 were identified as priority RA risk genes and became 

the main focus of the discussion. 
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Table 1. Multilayer functional annotation and integrative scoring of candidate RA risk genes 
No Gene Missense cis-eQTL Biological process Cellular component Molecular function KEGG Total score 

1 HLA-F 1 1 0 0 0 1 3 
2 ZNF679 1 0 0 0 0 0 1 

3 SMAD3 1 0 0 0 0 1 2 

4 REV3L 1 1 0 0 0 0 2 
5 HLA-C 1 1 0 0 0 1 3 

6 POM121L2 1 1 0 0 0 1 3 

7 TRAF3IP2-AS1 1 1 0 0 0 1 3 
8 UBD 1 0 0 0 0 0 1 

9 IRAK1 1 1 1 0 0 1 4 

10 IFIH1 1 0 0 0 0 1 2 
11 FCGR2A 1 1 0 0 0 1 3 

12 ICOSLG 1 1 0 0 0 1 3 

13 STATUS4 1 0 0 0 0 0 1 
14 RIN3 1 1 0 0 0 0 2 

15 IL6R 1 1 0 0 0 1 3 

16 ZPBP2 1 1 0 0 0 0 2 
17 GSDMB 1 1 0 0 0 0 2 

18 RTKN2 1 1 0 0 0 0 2 

19 DNASE1L3 1 1 0 0 0 0 2 
20 PRKCQ 1 0 1 0 0 1 3 

21 PTPN22 1 1 1 0 0 0 3 

22 TLR4 1 1 0 0 0 1 3 
23 ICAM3 1 1 0 0 0 1 3 

24 AIFM2 1 0 0 0 0 1 2 

25 FUT2 1 1 0 0 0 1 3 
26 NOS2 1 0 0 0 0 1 2 

27 WDFY4 1 1 0 0 0 0 2 

28 SH2B3 1 1 0 0 0 1 3 
29 NOD2 1 1 0 0 0 1 3 

30 HLA-DQB1 1 1 0 0 0 1 3 

31 C6ORFL5 1 1 0 0 0 1 3 
32 TAP2 1 1 0 0 0 1 3 

33 BSN 1 1 0 0 0 0 2 

34 MST1 1 1 0 0 0 1 3 

35 HLA-DOB 1 1 0 0 0 1 3 

36 HLA-DMA 1 1 0 0 0 1 3 

37 ERAP1 1 1 0 0 0 0 2 
38 DCLRE1B 1 1 0 0 0 0 2 

39 FAM8A1 1 0 0 0 0 0 1 

40 TYK2 1 1 1 0 0 1 4 
41 IL23R 1 1 1 0 0 1 4 

42 GPR35 1 1 0 0 0 1 3 

43 CCHCR1 1 1 0 0 0 0 2 
44 GCKR 1 1 0 0 0 0 2 

45 HSPA1L 1 1 0 0 0 1 3 

46 CUTA 1 1 0 0 0 0 2 
47 TCTE1 1 0 0 0 0 0 1 

48 NFKBIE 1 1 0 0 0 1 3 
49 AARS2 1 0 0 0 0 1 2 

50 BTNL2 1 1 0 0 0 0 2 

51 TNXB 1 1 0 0 0 1 3 
52 NCF2 1 0 0 0 0 1 2 

53 CD6 1 1 0 0 0 0 2 

54 PSORS1C2 1 1 0 0 0 0 2 
55 USP8 1 0 0 0 0 1 2 

56 ATF6B 1 0 0 0 0 1 2 

57 MEFV 1 0 0 0 0 0 1 
58 ZFP57 1 1 0 0 0 0 2 

 

 

Table 2. Functional summary of prioritized RA risk genes 
No Gene Gene function Molecular mechanism Association with the immune system 
1 IRAK1 IL-1 or TLR signal 

transduction 
Kinases that activate the NF-κB and MAPK pathways Regulation of innate immune response 

2 TYK2 Cytokine signal 

transduction 
JAK family kinases that mediate IL-12, IL-23, and interferon 

signaling 
Regulation of immune and 

inflammatory responses 
3 IL23R Cytokine receptor IL-23 receptor subunit that activates the JAK-STAT pathway Differentiation and maintenance of 

Th17 cells 

 

 



Int J Public Health Sci  ISSN: 2252-8806  

 

Integrative functional annotation of rheumatoid arthritis risk genes using a … (Muhammad Nuh) 

855 

TYK2, as one of the genes with the highest integrative score, occupies a central component in the 

cytokine signaling network relevant to RA. TYK2 is a member of the Janus kinase (JAK) family that plays a 

role in mediating the signal transduction of various proinflammatory cytokines, including interleukin-12 (IL-

12), interleukin-23 (IL-23), and interferon. Activation of these pathways contributes to the differentiation and 

activation of immune cells, as well as maintaining the chronic inflammation that characterizes RA [38]-[40]. 

This integrative result is consistent with prior clinical and experimental research, including evidence from 

international cohorts wherein TYK2 variants have been associated with RA susceptibility and functional 

impact on immune pathways. In addition, studies in East Asian populations have similarly reported 

associations between TYK2 polymorphisms and RA risk, supporting the relevance of TYK2 across diverse 

genetic backgrounds. This convergence of genetic and functional annotation evidence reinforces the 

effectiveness of JAK pathway modulation in suppressing inflammatory activity and improving clinical 

manifestations of RA, as demonstrated in clinical trials of JAK inhibitors that target TYK2-mediated 

signaling [41], [42]. Thus, the identification of TYK2 in the present study not only aligns with the 

international literature but also underscores its potential translational relevance to population-specific RA 

research and therapeutic strategies. 

IL23R shows consistent involvement across all layers of JAK–STAT signaling pathway analysis. 

IL23R is the major receptor subunit for interleukin-23 (IL-23), a cytokine that plays an important role in the 

differentiation, expansion, and maintenance of T helper 17 (Th17) cells. Activation of the IL-23/Th17 axis 

contributes to the production of proinflammatory cytokines known to play a role in amplifying synovial 

inflammation and joint tissue damage in RA [43]-[45]. The prioritization of IL23R in this integrative 

bioinformatics analysis is consistent with previous international studies demonstrating that dysregulation of 

the IL-23/Th17 pathway represents one of the dominant immune mechanisms sustaining chronic synovial 

inflammation in RA [46]. In addition, recent genomic and immunological studies have reported significant 

associations between IL23R variants and RA susceptibility, further supporting the role of IL23R-mediated 

signaling in disease pathogenesis across different populations [47]. Thus, the identification of IL23R as a 

priority gene in this study reinforces the central contribution of the Th17 axis to RA and supports its 

relevance as a potential target for immunomodulatory and precision-based therapeutic strategies. 

Meanwhile, IRAK1 is consistently identified in all layers of analysis and mapped in the Toll-like 

receptor (TLR)–NF-κB signaling pathway. IRAK1 is a key kinase in TLR receptor and interleukin-1 (IL-1) 

receptor signal transduction, which plays a central role in the activation of innate immune responses. 

Activation of this pathway triggers downstream complex phosphorylation and activation of the NF-κB 

transcription factor, which in turn increases the expression of various proinflammatory mediators. 

Dysregulation of the TLR–NF-κB pathway has been shown to contribute to the amplification of chronic 

inflammation and tissue damage in RA. Previous studies have shown that genetic variations and increased 

IRAK1 activity are associated with increased inflammatory responses and disease severity in RA [48], [49]. 

The prioritization of IRAK1 in this integrative analysis is consistent with previous studies reporting 

associations between IRAK1 genetic variants and heightened inflammatory responses as well as increased 

disease severity in RA, including findings from population-based research and molecular investigations [50], 

[51]. Thus, the identification of IRAK1 in this study underscores the importance of innate immune signaling 

in RA pathogenesis and supports IRAK1-mediated pathways as relevant targets for inflammation-focused and 

immunomodulatory therapeutic strategies. 

The enriched GO terms related to cytokine-mediated signaling, immune activation, and 

inflammatory responses, together with KEGG pathways such as JAK–STAT signaling, Toll-like receptor 

signaling, and Th17 cell differentiation, reflect key immunopathological mechanisms underlying RA. These 

pathways are known to regulate both innate and adaptive immune responses, contributing to persistent 

synovial inflammation, immune cell infiltration, and joint damage. Collectively, TYK2, IL23R, and IRAK1 

represent three major immune axes that interact in the pathogenesis of RA, namely cytokine signaling 

(TYK2), the IL-23/Th17 pathway (IL23R), and primary inflammatory activation via TLR–NF-κB (IRAK1). 

The integration of these three pathways (Figures 3 and 4) reflects the complexity of immune regulation in RA 

and provides a relevant molecular framework for the development of more targeted and precise biomarkers 

and therapeutic strategies. 

Although this study successfully identified priority RA candidate genes through a multi-database 

bioinformatics approach, it has several limitations. The analysis was based entirely on secondary data from 

public databases, does the results depend on the quality and coverage of the available data. In addition, the 

bioinformatics approach used has not been complemented by experimental validation, so the causal 

relationship between genetic variation and RA pathogenesis cannot yet be confirmed. Therefore, further 

research involving functional validation and clinical studies is needed to confirm the biological and clinical 

relevance of the identified priority genes. 
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Figure 3. Integrative visualization toll-like receptor signaling pathway of IRAK1, TYK2 involvement in key 

immunological signaling pathways associated with RA 
 

 

 
 

Figure 4. Integrative visualization of the JAK-STAT signaling pathway of IL23R involvement in key 

immunological signaling pathways associated with RA 
 

 

The findings discussed above are directly supported by integrative genomic evidence, whereas the 

potential clinical and translational implications should be interpreted cautiously and considered hypothesis-

generating. Importantly, we have now elaborated the clinical and public health implications of these findings. 

From a clinical perspective, the identification of TYK2, IL23R, and IRAK1 as prioritized genes may contribute to 

improved risk stratification, early detection, and the development of targeted therapeutic strategies, particularly in 
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the context of precision medicine approaches for RA management. From a public health perspective, 

understanding the genetic and molecular mechanisms underlying RA susceptibility may support the development 

of population-based screening strategies, improve early intervention efforts, and ultimately reduce disease 

burden, disability, and long-term healthcare costs associated with RA. These findings also provide a valuable 

foundation for future translational research aimed at improving preventive and personalized treatment strategies. 
 

 

4. CONCLUSION 

This study demonstrates that a multi-database-based bioinformatics approach is effective in identifying 

candidate genes with consistent genetic and functional support in RA. The integration of missense SNPs, cis-

eQTL, GO annotation, and KEGG pathway mapping data places TYK2, IL23R, and IRAK1 as priority genes 

involved in key immune pathways that play a role in RA pathogenesis. These findings provide more 

comprehensive molecular insights into the inflammatory mechanisms of RA and support the potential of these 

three genes as biomarkers and therapeutic targets. However, experimental validation and further clinical studies 

are still needed to confirm the biological relevance and clinical implications of the identified priority genes. 
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