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Background/Aims: Inflammatory bowel disease (IBD), which includes Crohn's disease (CD) and ulcerative colitis (UC), is 
increasing in East Asia. Most known susceptibility loci, identified primarily in Europeans, remain insufficient to explain clinical 
heterogeneity in Asians. We performed whole-exome sequencing in Korean IBD patients to identify population-specific vari-
ants influencing age at diagnosis.
Methods: We analyzed 341 Korean IBD patients (192 CD, 149 UC) from three cohorts. Case-control analysis with external 
controls was confounded by platform heterogeneity, so we used a within-case Cox proportional hazards model instead. Vari-
ants were prioritized using a dual-threshold strategy. Gene-level analysis identified subtype-specific pathways, and disease 
progression was assessed in patients with longitudinal data (n = 206).
Results: We identified 12 novel rare variants (minor allele frequency < 0.01 in gnomAD) predominantly observed in East 
Asian populations. One variant in GSG1 (rs146166808) reached genome-wide significance (p = 3.39 × 10-8); carriers showed 
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INTRODUCTION

Inflammatory bowel disease (IBD), comprising Crohn’s dis-
ease (CD) and ulcerative colitis (UC), is a chronic relapsing 
disorder of the gastrointestinal tract characterized by com-
plex immune dysregulation [1,2]. While IBD has historically 
been prevalent in Western populations―with prevalence 
rates of 322 (CD) and 505 (UC) per 100,000 in Europe―
its incidence in East Asia has surged since the 1990s, con-
trasting with the plateauing trends observed in the West 
[3]. This rapid epidemiological shift underscores the need 
to understand genetic determinants in Asian populations, 
which remain underrepresented in global genomic studies.

Despite advances in therapeutic strategies, IBD man-
agement remains challenging due to heterogeneous clin-
ical manifestations [4]. Genome-wide association studies 
(GWAS) have identified over 200 IBD risk loci; however, 
most are located in non-coding regions with unclear func-
tional consequences, and explain only a fraction of disease 
heritability [5]. Whole-exome sequencing (WES) offers a 
complementary approach by identifying rare, deleterious 
coding variants that may exert stronger functional impacts 

[6]. The genetic architecture of IBD shows substantial pop-
ulation-specific variation. Established Western risk variants, 
such as NOD2, show limited replicability in East Asian pop-
ulations, while loci like TNFSF15 exert stronger effects in 
Asians [7]. This ethnic heterogeneity underscores the need 
for population-specific genomic studies in East Asian IBD.

While GWAS has primarily focused on disease suscepti-
bility, age at diagnosis represents an important clinical phe-
notype with distinct genetic underpinnings. Recent studies 
demonstrate that age of first occurrence has non-trivial her-
itability and contains genetic risk factors not fully captured 
by susceptibility loci, with earlier onset correlating with 

higher polygenic risk [8]. In IBD, early-onset disease often 
reflects higher genetic burden and more aggressive pathol-
ogy, making onset timing a clinically relevant phenotype for 
genetic investigation [9]. To identify genetic determinants of 
age at diagnosis, we employed a within-case Cox propor-
tional hazards analysis. This approach analyzes phenotypic 
variation within the patient cohort, avoiding platform-spe-
cific confounding that can arise when comparing cases to 
external controls. Recent evidence demonstrates that genet-
ic determinants of disease susceptibility and disease progres-
sion are largely distinct, supporting the value of within-case 
designs for identifying clinically relevant genetic modifiers 
beyond susceptibility loci [10,11].

In this study, we performed WES-based analysis to identify 
genetic determinants of age at diagnosis in a Korean cohort. 
We identified novel rare variants predominantly observed in 
East Asian populations and revealed distinct genetic archi-
tectures underlying CD and UC. These findings provide in-
sights into population-specific genetic determinants of IBD 
clinical heterogeneity and potential targets for mechanistic 
investigation.

METHODS

Study participants
This study included three Korean IBD cohorts. The medical 
records of patients with IBD were retrospectively reviewed. 
Cohort 1 (n = 109) comprised patients with IBD (89 CD, 20 
UC) aged 20–80 years who were treated with thiopurines at 
five tertiary hospitals between January 2016 and September 
2019. These patients were originally enrolled in a controlled 
trial on thiopurines and provided informed consent for the 
secondary use of their samples and genetic information. 

accelerated disease onset and increased risk of aggressive progression (OR = 12.52, p = 0.050). Subtype-specific analyses 
identified two variants for CD (GSG1, CYP2D6) and five for UC (including IGLL1). Gene-level analysis revealed distinct genetic 
architectures: CD showed enrichment for axon guidance pathways (p = 0.000065), whereas UC showed enrichment for cal-
cium signaling and tissue maintenance pathways (p = 0.00068).
Conclusions: We identified population-specific rare variants influencing disease onset and progression in Korean IBD. Dis-
tinct genetic architectures underlying CD and UC provide insight into IBD heterogeneity and potential therapeutic targets in 
this population.
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Cohort 2 (n = 100) comprised patients diagnosed with UC 
aged ≥ 15 years who were randomly selected from individ-
uals registered in the IBD registry at the gastroenterology 
department of a single tertiary hospital, Severance Hospital 
(Seoul, Korea). This registry consists of blood samples ob-
tained from patients who visited the hospital between 2020 
and 2022 and consented to the use of their clinical data for 
research purposes. Cohort 3 (n = 135) comprised patients 
with IBD (104 CD, 31 UC) diagnosed at a single tertiary hos-
pital, Severance Hospital (Seoul, Korea), between June 2002 
and August 2015. 

After quality control and outlier removal, three samples 
were excluded, yielding a final pooled cohort of 341 indi-
viduals (Cohort 1: n = 106; Cohort 2: n = 100; Cohort 3: n 
= 135). This study was conducted in accordance with the 
ethical guidelines of the 1975 Declaration of Helsinki and 
approved by the Institutional Review Board of Severance 
Hospital (IRB numbers: 4-2016-0812, 4-2012-0302).

Clinical Information
Disease phenotypes were classified according to the Mon-
treal classification [12]. For UC, disease extent was catego-
rized as proctitis (E1), left-sided colitis (E2), or extensive coli-
tis (E3). For CD, patients were classified by age at diagnosis 
(A1: ≤ 16 years, A2: 17–40 years, A3: > 40 years), disease 
location (L1: ileal, L2: colonic, L3: ileocolonic, L4: isolated 
upper disease), and disease behavior (B1: non-stricturing 
non-penetrating, B2: stricturing, B3: penetrating). Disease 
severity at sample collection was assessed using the Mayo 
Endoscopic Score for UC and the Crohn’s Disease Activity 
Index for CD. These severity indices were collected at the 
time of sample collection and were not included as covari-
ates in the primary analyses, as they are temporally indepen-
dent from age at diagnosis.

Clinical outcome data were collected for patients in Co-
horts 1 and 2 (n = 206), including time from IBD diagnosis 
to first hospitalization, first surgery, and initiation of biologic 
therapy. These data were used to evaluate associations be-
tween identified genetic variants and disease progression.

WES 
For Cohorts 1 and 2, genomic DNA was isolated using the 
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA). 
Target enrichment was performed using the Twist Human 
Core Exome (Twist Bioscience, San Francisco, CA, USA), 
and sequencing was conducted on the Illumina NovaSeq 

6000 platform (Illumina, San Diego, CA, USA) by Macrogen 
(Seoul, Korea). For Cohort 3, genomic DNA was extracted 
using the QIAamp DNA Blood Mini Kit (Qiagen), enriched 
with the SureSelectXT Target Enrichment Kit (Agilent Tech-
nologies, Santa Clara, CA, USA), and sequenced (2 × 100 
bp paired-end reads) on an Illumina HiSeq 2500 platform 
(Illumina) at Theragen Etex Bio Institute (Suwon, Korea).

All sequencing data underwent identical preprocessing 
and variant calling pipelines. Raw sequence reads in FASTQ 
format were aligned to the GRCh37 human reference ge-
nome using Burrows-Wheeler Aligner (BWA version 0.7.17) 

[13]. Duplicate reads were marked and removed using 
Picard (version 2.22.3), and base quality score recalibration 
was performed using the Genome Analysis Toolkit (GATK 
version 4.1.7.0) [14]. Variant calling was performed using 
GATK HaplotypeCaller to generate individual variant call 
format (VCF) files for each sample. Low-quality variants 
were filtered using GATK VariantFiltration with the follow-
ing criteria: for single nucleotide variants (SNVs), quality by 
depth (QD) < 2.0, depth (DP) < 10.0, quality (QUAL) < 30.0, 
strand odds ratio (SOR) > 3.0, Fisher strand bias (FS) > 60.0, 
mapping quality (MQ) < 40.0. MQRankSum < -12.5, and 
ReadPosRankSum < -8.0; for indels, QD < 2.0, DP < 10.0, 
QUAL < 30.0, FS > 200.0, and ReadPosRankSum < -20.0. 
This yielded 323,706 variants in Cohort 1, 261,130 in Co-
hort 2, and 386,516 in Cohort 3. Variants were annotated 
using ANNOVAR [15] (latest release) to identify functional 
consequences.

Data processing and quality control
Genotyping data were processed using PLINK (v1.9) [16]. 
Only variants present across all three cohorts were retained 
for merging. Principal component analysis (PCA) was per-
formed using PLINK (v1.9) on LD-pruned common variants 
(minor allele frequency [MAF] ≥ 1%) after excluding long-
range linkage disequilibrium (LD) regions. Three samples 
showing deviation from the mean in PC1 or PC2 (> 3 stan-
dard deviations) [17] were excluded (Supplementary Fig. 1), 
yielding a final pooled case cohort of 341 individuals.

Two distinct datasets were constructed: (1) a case-control 
dataset for exploratory susceptibility analysis, and (2) a with-
in-case dataset for the primary analysis of age at diagnosis 
and clinical progression. We first evaluated a case-control 
approach using Japanese (JPT) and Han Chinese (CHB) se-
quences (n = 207) from the 1000 Genomes Project Phase 
3 as controls, selected based on their genetic proximity to 
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Koreans [18,19]. Only variants present in both cases (n = 
341) and controls were retained to minimize platform-spe-
cific bias. After merging (N = 548), variants with missingness 
> 5% were excluded using a stringent threshold to mini-
mize platform-related artifacts. Following functional anno-
tation using ANNOVAR (hg19) to identify nonsynonymous 
SNVs, start-loss, stop-gain, and stop-loss variants, 16,123 
variants were retained. For the within-case analysis, quality 
control was applied to the pooled case cohort (n = 341): 
variants with missingness > 10% and samples with miss-
ingness > 10% were excluded, and variants deviating from 
Hardy-Weinberg equilibrium (p < 1 × 10-6) were removed. 
A standard missingness threshold was applied to maximize 
variant retention for the primary analysis, as platform-spe-
cific bias was not a concern within a homogeneous cohort. 
Following functional annotation, 20,527 variants were re-
tained for analysis of age at diagnosis and clinical progres-
sion.

Association analyses

Case-control analysis
Firth logistic regression was performed to identify dis-
ease-susceptibility variants. Principal components (PCs) were 
extracted from the merged case-control dataset (n = 548) 
using PLINK, and the top 10 PCs were included as covariates 
to control for population stratification and platform-related 
batch effects.

Within-case Cox proportional hazards analysis
To identify genetic determinants of age at diagnosis, Cox 
proportional hazards models were applied to the within-case 
dataset. PCs were extracted from the pooled case cohort 
(n = 341) using PLINK, and models were adjusted for sex, 
smoking history, cohort, and the top 10 PCs. Associations 
were evaluated at both the variant level and gene level. For 
gene-level analysis, gene-wise variant burden (GVB) scores 
were calculated for each individual as the geometric mean 
of SIFT scores (< 0.7) within each coding gene [20]. Lower 
GVB scores indicate higher burden of deleterious variants. 
A total of 8,658 genes were analyzed. A dual-threshold fil-
tering strategy was applied to prioritize candidates: variants 
were required to meet either genome-wide significance (p 
< 5 × 10-8) or a suggestive threshold (p < 1 × 10-5) at the 
variant level, and gene-level significance (false discovery rate 
[FDR] < 0.05) simultaneously.

Sensitivity analysis for extreme phenotypes
To investigate genetic variants driving extreme early-onset 
phenotypes, we compared very early-onset patients (Mon-
treal A1, ≤ 16 yr) and late-onset patients (Montreal A3, > 40 yr) 
using Firth logistic regression. Candidates were defined as 
variants meeting gene-level (p < 0.05) and variant-level (p < 
5 × 10-4) significance.

Disease progression analysis
To evaluate whether variants associated with age at diag-
nosis also contribute to aggressive disease progression, we 
analyzed patients from Cohorts 1 and 2 (n = 206) with avail-
able longitudinal follow-up data. Disease progression was 
defined as a composite outcome of severe clinical events: ≥ 
2 major events (hospitalization, surgery, or biologics) for CD, 
and both hospitalization and biologics for UC. Firth logistic 
regression was performed adjusting for sex.

Functional enrichment analysis
Gene set enrichment analysis was performed using cluster-
Profiler (v4.6.2) [21] to identify biological pathways enriched 
among significantly associated genes. Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes pathway da-
tabases were queried, and pathways with p < 0.05 were 
considered significant.

Evaluation of established susceptibility loci
To assess whether known IBD susceptibility loci explain vari-
ation in age of onset, we screened 224 high-risk associations 
from a systematic review of 16 GWAS studies (2007–2021) 
and 783 general associations from the GWAS Catalog [22] 
(EFO IDs: EFO_0003767, EFO_0000384, EFO_0000729) 
(Supplementary Table 1). Associations with identified vari-
ants were evaluated using the within-case Cox proportional 
hazards analysis described above.

Statistical analysis
Baseline characteristics were compared between cohorts us-
ing one-way ANOVA for continuous variables (age of onset) 
and Fisher’s exact test for categorical variables (sex, smoking 
history, disease location, behavior). Genomic inflation fac-
tors (λ) were calculated to assess the robustness of associa-
tion results. Multiple testing correction was performed using 
the Benjamini-Hochberg FDR method. Kaplan-Meier surviv-
al analysis was performed to visualize the impact of can-
didate variants on disease onset timing, and log-rank tests 
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were used to compare survival curves between carrier and 
non-carrier groups. Forest plots were generated to display 
hazard ratios (HR) and 95% confidence intervals (CI) strati-
fied by disease phenotype. To investigate the tissue and cell-
type specific expression of GSG1, single-cell RNA expression 
data were retrieved from the Human Protein Atlas (www.
proteinatlas.org). Expression levels are presented as normal-
ized counts per million (nCPM). All statistical analyses were 
performed using R version 4.2.2.

RESULTS

Baseline patient characteristics 
Baseline characteristics of the pooled case cohort (n = 341) 
are summarized in Table 1. Sex distribution was compara-
ble across cohorts (p = 0.596), with male predominance of 
approximately 63–70%. Disease type differed significantly 
(p < 0.001); Cohort 2 consisted exclusively of UC, whereas 
CD was predominant in Cohorts 1 and 3. Mean age at di-
agnosis varied significantly (p < 0.001), ranging from 25.6 
to 34.0 years. Smoking history also differed significantly (p 
< 0.001), with Cohort 3 showing the highest proportion of 
non-smokers.

Evaluation of case-control analysis and 
established susceptibility loci
A case-control analysis was initially evaluated using Firth lo-
gistic regression with JPT and CHB sequences from the 1000 
Genomes Project Phase 3 as controls. Despite adjustment 
for PCs (PC1–10), the summary statistics exhibited substan-
tial distortion of test statistics (λ = 0.695–1.407) (Supple-
mentary Fig. 2). The top-ranked variants showed extreme 
odds ratios (OR) and CI indicative of quasi-complete separa-
tion between cases and controls. PCA revealed distinct co-
hort clustering (Supplementary Fig. 3), reflecting systematic 
platform heterogeneity between case and controls. These 
case-control results were excluded from further analysis.

To evaluate whether established susceptibility loci could 
explain variation in age of onset, 224 high-risk associations 
from a systematic review and 783 general associations from 
the GWAS Catalog were screened (Supplementary Data 1). 
The vast majority of these variants (92.9% of high-risk loci 
and 94.3% of GWAS Catalog) were located in intronic or 
non-coding regions, rendering them undetectable by WES. 
Among the captured coding variants, 8 were identified from 
the high-risk set and 15 from the GWAS Catalog. Of these 
23 variants, 13 were originally discovered in European pop-
ulations, 8 in multi-ethnic studies, and 1 in a Korean popu-
lation (rs7641878). None of these variants were significantly 
associated with age of onset. Two European-derived vari-

Table 1. Baseline characteristics of patients

Characteristic Cohort 1 Cohort 2 Cohort 3 p value

Number of individuals 106 100 135

Disease type UC 18 (17.0) 100 (100.0) 31 (22.9) < 0.001 

CD 88 (83.0) 0 (0.0) 104 (77.1)

Sex Male 74 (69.8) 65 (65.0) 85 (62.9) 0.596 

Female 32 (30.2) 35 (35.0) 50 (37.1)

Age (yr) at diagnosis 28.8 ± 14.2 34 ± 13.5 25.6 ± 10.8 < 0.001

Age (group) A1 11 (10.4) 1 (1.0) 20 (14.8) < 0.001

A2 78 (73.6) 71 (71.0) 100 (74.1)

A3 17 (16.0) 28 (28.0) 15 (11.1)

Smoking Non-smoker 63 (59.4) 64 (64.0) 119 (88.1) < 0.001

Ex-smoker 25 (23.6) 17 (17.0) 9 (6.6)

Current-smoker 18 (17.0) 19 (19.0) 7 (5.3)

Data are presented as number (percentage) or mean ± standard deviation (SD). p values were calculated using one-way ANOVA for 
continuous variables and Fisher’s exact test for categorical variables. 
UC, ulcerative colitis; CD, Crohn’s disease; A1, age at diagnosis ≤ 16 years; A2, age at diagnosis 17–40 years; A3, age at diagnosis 
> 40 years (Montreal classification).
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ants (rs3749171, rs2234161) showed nominal associations 
(p < 0.05), while the Korean-specific variant (rs7641878) 
showed no association (p = 0.526) (Supplementary Table 2).

Identification of novel loci associated with 
age at diagnosis 
A within-case Cox proportional hazards analysis was per-
formed to identify genetic determinants of age at diagno-
sis. Genomic inflation factors (λ) ranged from 1.14 to 1.22 
across variant-wise analyses and from 1.16 to 1.21 across 
gene-wise analyses (Supplementary Fig. 4), consistent with 
true polygenicity rather than technical artifacts [23]. Variants 
were prioritized using a dual-threshold filtering strategy re-
quiring both variant-level (p < 5 × 10-8 or p < 1 × 10-5) 
and gene-level significance (FDR < 0.05). In subtype-spe-
cific analyses, 2 suggestive variants were identified for CD 
(GSG1, CYP2D6) and 5 for UC (GLYATL1, SALL3, IGLL1, 
P2RY1, ZNF454), all meeting gene-support criteria (Fig. 1). 

In the combined IBD analysis, 1 variant in GSG1 achieved 
genome-wide significance (p = 3.39 × 10-8), and 3 variants 
(ZNF286A, DLL3, FRMD4B) reached the suggestive thresh-
old (Supplementary Fig. 5). All prioritized candidates were 
rare variants (MAF < 0.01 in gnomAD) predominantly ob-
served in East Asian populations (Supplementary Table 3).

To characterize the clinical impact of these variants, effect 
sizes and disease onset timing were evaluated. Forest plot 
analysis revealed substantial risk effects (HR > 1.5) for most 
candidates, with GSG1 (rs146166808) demonstrating the 
strongest effect in CD and combined IBD cohorts (Fig. 2A, 
C). Kaplan-Meier survival analysis confirmed markedly accel-
erated disease onset in GSG1 carriers compared to non-car-
riers in the CD cohort (Fig. 2D). In the UC cohort, IGLL1 
carriers (N = 6, the highest among UC candidates) showed 
clear separation in survival probability (Fig. 2E). The stepwise 
decline in disease-free survival demonstrated a robust bio-
logical impact (p < 0.0001).

Figure 1. Variant-wise associations with age at diagnosis in Crohn’s disease (CD) and ulcerative colitis (UC). Miami plot showing associa-
tions for CD (upper panel) and UC (lower panel). Red and blue dashed lines indicate genome-wide (p < 5 × 10-8) and suggestive (p < 1 × 
10-5) significance thresholds, respectively. Annotated genes represent variants meeting both variant-level (p < 1 × 10-5) and gene-level (FDR 
< 0.05) significance. All annotated candidates are rare variants (MAF < 0.01) predominantly observed in East Asian populations. FDR, false 
discovery rate; MAF, minor allele frequency.
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To evaluate associations with disease progression, pa-
tients from Cohorts 1 and 2 (N = 206) with available longitu-
dinal data were analyzed. Disease progression was defined 
as ≥ 2 major events (hospitalization, surgery, or biologics) 
for CD, and both hospitalization and biologics for UC. The 
GSG1 variant showed a trend toward increased risk of ag-
gressive disease course (OR = 12.52, 95% CI: 0.59–264.79; 
p = 0.050), though this finding should be interpreted cau-
tiously given the limited number of carriers (N = 2) and wide 
CI (Supplementary Table 4).

A sensitivity analysis comparing extreme phenotypes 
(Montreal A1 vs. A3) identified 2 additional candidates in 
the combined IBD cohort: SLC23A2 (rs141901582) and 
SERPINA6 (rs146744332), both meeting gene-level (p < 
0.05) and variant-level (p < 5 × 10-4) thresholds (Supple-
mentary Table 5). 

Distinct genetic architectures underlying CD 
and UC
Gene-wise analysis identified 43 genes significantly associ-
ated with CD, 27 genes for UC, and 14 genes for com-
bined IBD (FDR < 0.05) (Fig. 3A). CD and UC showed largely 
distinct gene sets, with only 1 gene (ZNF286A) overlapping 
between subtypes.

Functional enrichment analysis revealed subtype-spe-
cific biological processes (Fig. 3B, Supplementary Data 2). 
For CD, the most significantly enriched pathways included 
axon extension involved in axon guidance (SEMA4B, SLIT2, 
ALCAM; p = 0.000065) and regulation of monocyte che-
motaxis (SLIT2, PLA2G7; p = 0.0017). Metabolic pathways 
including NAD salvage (NAPRT; p = 0.0021) were also en-
riched. For UC, the top enriched pathways included gliogen-
esis (TRPC4, P2RY1, UFL1, SALL3; p = 0.00068) and regula-
tion of cytosolic calcium ion concentration (TRPC4, P2RY1; p 

Figure 2. Effect sizes and disease onset timing of prioritized variants. (A–C) Forest plots showing hazard ratios (HR) and 95% confidence 
intervals (CI) for prioritized candidates in (A) CD, (B) UC, and (C) combined IBD cohorts. Most variants exhibited substantial risk effects (HR 
> 1.5), with GSG1 (rs146166808) demonstrating the strongest effect in CD and combined IBD. (D, E) Kaplan-Meier survival curves show-
ing disease onset in carriers (blue) versus non-carriers (yellow) for (D) GSG1 in CD and (E) IGLL1 in UC. Dashed vertical lines indicate me-
dian age of onset. Carriers exhibited markedly earlier disease onset (p < 0.0001, log-rank test). CD, Crohn’s disease; UC, ulcerative colitis; 
IBD, Inflammatory bowel disease; WT, wild type; HET, heterozygote.
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= 0.0021). Protein quality control pathways including UFM1 
ligase activity (UFL1; p = 0.0013) were also significant. In 
the combined IBD analysis, enriched pathways included 
mRNA N-acetyltransferase activity (NAT10; p = 0.00065), 
RNA acetylation (NAT10; p = 0.00069), and zonula adher-
ens maintenance (KIFC3; p = 0.0021), alongside somatosta-
tin signaling (SSTR4; p = 0.0033), representing processes 
shared across both subtypes.

DISCUSSION

In this study, we performed WES-based analysis of a Korean 
IBD cohort to identify coding variants influencing age at di-
agnosis. We identified 12 novel rare variants predominantly 
observed in East Asian populations, with GSG1 achieving 
genome-wide significance. Gene-level burden analysis re-
vealed distinct genetic architectures underlying CD and UC, 
with CD enriched for axon guidance pathways and UC for 
calcium signaling and tissue maintenance processes. These 
findings provide insights into population-specific genetic 
determinants of IBD clinical heterogeneity in Korean pop-

Figure 3. Gene-level associations and functional enrichment in IBD subtypes. (A) Venn diagram showing overlap of significantly associ-
ated genes (FDR < 0.05) identified in CD (n = 43), UC (n = 27), and combined IBD (n = 14). CD and UC exhibited largely distinct genetic 
architectures, with ZNF286A as the sole overlapping gene. (B) Significantly enriched biological pathways for CD, UC, and combined IBD. 
The x-axis represents −log10(p value). Pathways are categorized by Gene Ontology Biological Process (GO:BP, green), Molecular Function 
(GO:MF, purple), and KEGG pathways (orange). CD showed enrichment for axon guidance and monocyte chemotaxis pathways, UC for 
calcium signaling and protein quality control pathways, and combined IBD for RNA processing and cell adhesion pathways. CD, Crohn’s 
disease; UC, ulcerative colitis; IBD, Inflammatory bowel disease; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Ge-
nomes.

Gliogenesis
UFM1 ligase activity

Regulation of cytosolic calcium ion concentration
UFM1 transferase activity

Response to gamma radiation
G protein-coupled ADP receptor activity

Leukocyte transendothelial migration
Regulation of Rap protein signal transduction

Platelet activation
Regulation of ERBB signaling pathway

UC

	 0	 1	 2	 3
-log10(p value)

Axon extension involved in axon guidance
Retinal ganglion cell axon guidance
Regulation of monocyte chemotaxis

Motor neuron axon guidance
NAD salvage

Axon extension
CXCR4 chemokine receptor binding

Peptide hormone processing
Signaling receptor ligand precursor processing

Steroid hydroxylase activity

CD

	 0	 1	 2	 3	 4
-log10(p value)

mRNA N-acetyltransferase activity
RNA acetylation

Arachidonic acid omega-hydroxylase activity
Dendritic transport of mitochondrion

Zonula adherens maintenance
Somatostatin receptor activity

Somatostatin signaling pathway
Calcium- and calmodulin-dependent protein kinase complex

Anterograde axonal transport of mitochondrion
Icosanoid binding

IBD

	 0	 1	 2	 3
-log10(p value)B

Category
 GO:BP     GO:MF     KEGG

A

4 34

25

GSG1, DLL3, 
SSTR4, CTNNAL1,
TRAK2, SMNDC1, 
CYP2U1, NAT10

8

IBD (n = 14) CD (n = 43)

UC (n = 27)

1
ZNF286A1

FRMD4B
0
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ulations.
Our within-case analytical strategy effectively addressed 

methodological challenges in rare variant analysis. Initial 
case-control analysis using external East Asian controls was 
confounded by platform heterogeneity between WES and 
whole-genome sequencing data, resulting in genomic in-
flation and quasi-complete separation despite covariate 
adjustment. By focusing on age at diagnosis within the pa-
tient cohort, we controlled for batch effects while identify-
ing clinically relevant genetic modifiers. Case-only designs 
avoid biases associated with control recruitment and in-
tegrating external sequencing data [24], and can be more 
powerful for genetic association studies [25]. The identified 
variants showed similar allele frequencies in gnomAD East 
Asian populations as in our cohort, supporting true pop-
ulation-specific signals rather than technical artifacts. This 
approach proved particularly effective for detecting rare 
variants with large effect sizes that contribute to missing 
heritability [26].

GSG1 (rs146166808) emerged as the most compelling 
candidate, achieving genome-wide significance (p = 3.39 × 
10-8) and showing consistent effects across CD and com-
bined IBD cohorts. Carriers exhibited markedly accelerated 
disease onset and a trend toward increased risk of aggres-
sive disease progression (OR = 12.52, p = 0.050), suggesting 
a dual role in disease timing and clinical trajectory. While 
GSG1 (Germ Cell Associated 1) has limited functional char-
acterization―predicted to enable RNA polymerase binding 
and localize to endoplasmic reticulum membrane―the con-
vergence of early onset and poor prognosis warrants fur-
ther investigation. This locus may represent a high-impact 
genetic determinant requiring functional validation and 
replication in independent cohorts. Notably, single-cell RNA 
expression analysis using the Human Protein Atlas dataset 
revealed predominant GSG1 expression in intestinal neuro-
endocrine cells, particularly in small intestine (154.0 nCPM) 
and rectum (55.9 nCPM) (Supplementary Fig. 6), consistent 
with the axon guidance and neuro-immune interaction 
pathways enriched in CD-specific gene-level analysis.

Several other identified genes showed potential connec-
tions to IBD pathophysiology. FRMD4B (FERM Domain Con-
taining 4B), identified in the combined IBD analysis, contains 
DUF3338 domains that regulate epithelial junction integrity, 
a process implicated in IBD-associated barrier dysfunction 

[27]. IGLL1 (Immunoglobulin Lambda Like Polypeptide 1), 
with 6 carriers representing the highest proportion among 

UC candidates, has been associated with B-cell deficiency 
and may contribute to the dysregulated plasmablast re-
sponse characteristic of active UC [28]. Sensitivity analysis 
identified SLC23A2 (Solute Carrier Family 23 Member 2) 
and SERPINA6 (Serpin Family A Member 6). Variants in these 
genes may influence IBD risk through oxidative stress, nu-
trient metabolism [29], and glucocorticoid regulation [30]. 
However, most identified variants lack established function-
al connections to IBD and require experimental validation.

Gene-wise analysis revealed markedly distinct genetic ar-
chitectures between CD and UC. CD showed enrichment 
for axon guidance pathways (SEMA4B, SLIT2, ALCAM) 
and monocyte chemotaxis regulation, consistent with neu-
ro-immune interactions in CD pathogenesis [31]. UC exhib-
ited enrichment for calcium signaling (TRPC4, P2RY1) and 
protein quality control pathways (UFL1). These findings are 
consistent with epithelial barrier dysfunction as a central 
pathogenic mechanism in UC, where disrupted calcium ho-
meostasis and endoplasmic reticulum stress contribute to 
compromised intestinal barrier integrity [32]. The combined 
IBD analysis identified shared pathways including mRNA 
acetylation (NAT10) and zonula adherens maintenance 
(KIFC3). These converging lines of evidence reinforce that 
CD and UC, while sharing inflammatory features, are driv-
en by distinct genetic and pathophysiological mechanisms, 
providing biological rationale for subtype-specific therapeu-
tic strategies.

This study has several limitations. First, modest sample size 
limited statistical power, particularly for progression analysis 
(Cohorts 1 and 2, N = 206), reflected in marginal statisti-
cal significance of some findings. Second, data generated 
across different platforms and time periods may introduce 
batch effects, though we accounted for cohort effects in 
statistical models. Third, replication in independent Korean 
or East Asian cohorts is needed to validate findings, par-
ticularly for variants at suggestive thresholds. Furthermore, 
while GSG1 expression was observed in intestinal neuroen-
docrine cells, its precise functional role in intestinal tissues 
and immune cells requires experimental validation. Fourth, 
as this study relied on retrospective medical records, age at 
diagnosis may not perfectly reflect true disease onset due to 
diagnostic delay and changes in medical practices over time.

In conclusion, we identified novel rare coding variants 
influencing age at diagnosis in Korean IBD patients, with 
GSG1 achieving genome-wide significance and showing 
dual effects on onset and progression. Within-case anal-
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ysis effectively identified high-impact rare variants while 
avoiding platform-specific confounding. Gene-level analysis 
revealed distinct genetic architectures underlying CD and 
UC, supporting divergent pathophysiological mechanisms. 
These results provide insights into population-specific ge-
netic determinants of IBD heterogeneity and suggest targets 
for mechanistic investigation and subtype-specific therapeu-
tic development in Korean populations.

KEY MESSAGE
1.	 WES identified 12 novel rare coding variants asso-

ciated with age at diagnosis in Korean IBD, mostly 
specific to East Asian populations.

2.	GSG1 carriers showed earlier disease onset and a 
possible increase in aggressive disease progression.

3.	CD and UC showed distinct gene-level architec-
tures: CD was enriched for axon guidance path-
ways, UC for calcium signaling and tissue mainte-
nance. 
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Supplementary Table 1. Descriptions of GWAS catalog’s EFO ID used to select IBD associations proposed in previous studies

EFO ID Explanation Number of associations

EFO_0003767 • Bowel diseases, inflammatory
• IBD
• INFLAMM BOWEL DIS
• Inflammatory bowel diseases
• Autoimmune bowel disorder
• Inflammatory bowel disease

1,905

EFO_0000384 • Colitis, ulcerative
• Left-sided ulcerative (chronic) colitis
• Left-sided ulcerative colitis
• Other ulcerative colitis
• Other ulcerative colitis (disorder)
• UC - ulcerative colitis
• ULCERATVE COLITIS UNSPCF
• Ulcerative colitis, unspecified
• Colitis ulcerative
• Ulcerative colitis
• Ulcerative colitis (disease)
• Ulcerative colitis (disorder)

716

EFO_0000729 • CROHN DIS
• CROHN’S DIS
• Colitis, granulomatous
• Crohn disease
• Crohn disease
• Crohn’s associated gastritis
• Crohn’s disease
• Crohn’s disease of colon
• Crohn’s disease of large bowel
• Crohn’s disease
• Enteritis, granulomatous
• Enteritis, regional
• Gastritis associated with Crohn’s disease
• Gastritis associated with Crohn’s disease
• Ileitis, regional
• Ileitis, terminal
• Ileocolitis
• Granulomatous colitis
• Pediatric Crohn’s disease
• Regional enteritis

937

Total 3,558

IBD, inflammatory bowel disease; EFO, experimental factor ontology; GWAS catalog, NHGRI-EBI Catalog of Human Genome-Wide 
Association Studies. 
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Supplementary Table 2. Association of established IBD susceptibility variants with age of onset in this study cohort

rsID HR p value N Beta SE Ethnicity

224 high-risk associations

rs3194051 0.592 0.100 149 –0.525 0.319 European

rs2073505 1.119 0.402 341 0.112 0.134 Multi-ethnicity

rs12103 1.294 0.455 341 0.258 0.345 European

rs3197999 1.075 0.681 341 0.072 0.176 Multi-ethnicity

rs1801274 1.052 0.734 341 0.051 0.151 European

rs2227564 1.014 0.910 341 0.014 0.121 European

rs11230563 1.004 0.975 341 0.004 0.123 Multi-ethnicity

783 general associations

rs3749171 0.705 0.025 341 –0.349 0.156 European

rs2234161 1.334 0.042 341 0.289 0.142 European

rs501916 0.804 0.106 341 –0.218 0.135 European 

rs3742130 1.326 0.150 341 0.282 0.196 Multi-ethnicity

rs2641348 0.788 0.382 341 –0.238 0.272 Multi-ethnicity

rs76418789 0.882 0.526 341 –0.126 0.198 Koreans

rs3747517 0.943 0.675 341 –0.059 0.140 European

rs7076156 0.914 0.691 341 –0.090 0.226 Jewish 

rs9858542 1.033 0.882 341 0.033 0.219 European

rs8049439 1.018 0.905 341 0.017 0.147 European

rs9868809 0.990 0.950 341 –0.010 0.152 Multi-ethnicity

rs13300218 1.031 0.967 341 0.030 0.725 Multi-ethnicity

rs732072 1.006 0.978 341 0.006 0.216 Multi-ethnicity

rs2476601 - - 341 - 0 European

rs3184504 - - 341 - 0 European

Data are presented for variants identified from established susceptibility loci. p values were calculated using Cox proportional 
hazards regression. 
HR, hazard ratio; Beta, effect size (log-hazard ratio); SE, standard error; N, number of individuals; IBD, inflammatory bowel disease; 
rsID, reference SNP cluster ID.
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Supplementary Table 3. Population allele frequencies of prioritized variants in gnomAD

Gene rsID ALL_AF EAS_AF EUR_AF AFR_AF SAS_AF

GSG1 rs146166808 0.0000958 0.001148 0.00003307 0 0

ZNF286A rs184773569 0.00007806 0.000601 0.00005448 0 0

FRMD4B rs144459338 0.0001323 0.001692 0.000007813 0 0

DLL3 rs776036444 0.0001256 0.001576 0 0 0

GSG1 rs146166808 0.0000958 0.001148 0.00003307 0 0

ZNF454 rs184153007 0.001015 0.01383 0.00001548 0.000196 0

GLYATL1 rs117190061 0.000937 0.01223 0.0001007 0.000131 0.00008012

SALL3 rs200143215 0.0001415 0.000602 0.0001317 0 0

P2RY1 rs118182811 0.001369 0.01709 0.00002326 0 0.001209

IGLL1 rs139571703 0.0331 0.02266 0.03678 0.02614 0.04502

SLC23A2 rs141901582 0.000244 0.003358 0 0 0

SERPINA6 rs146744332 0.001482 0.02006 0 0.00012 0.0003266

Data are presented for allele frequencies across major gnomAD populations (v2.1.1). 
rsID, reference SNP cluster ID; ALL_AF, allele frequency in total gnomAD population;EAS_AF, East Asian; EUR_AF, European; AFR_
AF, African/African American; SAS_AF, South Asian.
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Cho M, et al. Rare variants and IBD onset in Koreans

Supplementary Table 5. Sensitivity analysis of extreme age-of-onset phenotypes in the combined IBD cohort

Gene SNP Variant-wise analysis p Gene-wise analysis p

SLC23A2 rs141901582 0.000169 0.000169

SERPINA6 rs146744332 0.0004 0.004318

Data are presented for sensitivity analysis comparing extreme phenotypes (Montreal A1, ≤ 16 years vs. A3, > 40 years). p values 
were calculated using Firth logistic regression.
IBD, inflammatory bowel disease.
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Supplementary Figure 1. Principal component analysis (PCA) plot for quality control of the pooled case cohort. PCA was performed to 
assess the genetic homogeneity of the pooled IBD case cohort (n = 344). Each point represents an individual, colored by their respective 
sub-cohort. Three samples (red) exhibiting deviation from the cohort mean in PC1 or PC2 (> 3 standard deviations) were identified as out-
liers. IBD, inflammatory bowel disease.
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Supplementary Figure 2. Quantile-quantile (QQ) plots of the initial case-control analysis. QQ plots for (A) IBD, (B) CD, and (C) UC 
susceptibility using external controls (1000 Genomes Project, JPT + CHB). Despite adjusting for PC1–10, the genomic inflation factor (λ) 
ranged from 0.695 to 1.407. IBD, Inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; JPT, Japanese; CHB, Han Chi-
nese.
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Supplementary Figure 3. Principal component analysis (PCA) plot of cases and external controls (1000 Genomes Project, JPT + CHB). 
PCA showing distinct clustering between cases (blue) and external controls (red). JPT, Japanese; CHB, Han Chinese.
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Supplementary Figure 4. Quantile-quantile (QQ) plots of within-case association analyses. QQ plots for variant-wise (A–C) and gene-
wise (D–F) analyses in IBD, CD, and UC. The genomic inflation factors (λ) ranged from 1.14–1.22 (variant-wise) and 1.16–1.21 (gene-wise). 
The moderate upward deviation in the tail is consistent with a polygenic architecture rather than systematic bias. IBD, Inflammatory bowel 
disease; CD, Crohn’s disease; UC, ulcerative colitis.

A

O
bs

er
ve

d 
-l

og
10

(p
)

6

4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.204

D

O
bs

er
ve

d 
-l

og
10

(p
_G

C)

6

4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.178

E

O
bs

er
ve

d 
-l

og
10

(p
_G

C) 4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.165

F

O
bs

er
ve

d 
-l

og
10

(p
_G

C) 4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.213

B
O

bs
er

ve
d 

-l
og

10
(p

)

6

4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.139

C

O
bs

er
ve

d 
-l

og
10

(p
)

6

4

2

0

	 0	 1	 2	 3	 4
Expected -log10(p)

λ = 1.223

www.kjim.org


www.kjim.org https://doi.org/10.3904/kjim.2026.055

The Korean Journal of Internal Medicine Vol. 41, No. 5, September 2026

Supplementary Figure 5. Variant-wise associations with age of onset in combined IBD. Manhattan plot for the combined IBD cohort. 
Red and blue dashed lines indicate genome-wide (p < 5 × 10-8) and suggestive (p < 1 × 10-5) significance thresholds, respectively. One 
variant in GSG1 achieved genome-wide significance, and three variants (ZNF286A, DLL3, FRMD4B) reached the suggestive threshold. 
Annotated genes represent variants meeting both variant-level (p < 1 × 10-5) and gene-level (FDR < 0.05) significance. IBD, Inflammatory 
bowel disease; FDR, false discovery rate.
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Supplementary Figure 6. GSG1 expression in intestinal tissues from the Human Protein Atlas single-cell RNA dataset. GSG1 expression 
(nCPM) across cell types in colon, rectum, and small intestine. Dot size represents expression level (nCPM). GSG1 shows predominant 
expression in neuroendocrine cells, particularly in small intestine (154.0 nCPM) and rectum (55.9 nCPM), with lower expression observed 
in enterocytes and enteric stem cells. The enriched expression in intestinal neuroendocrine cells is consistent with the axon guidance and 
neuro-immune interaction pathways identified in CD-specific gene-level enrichment analysis. Data source: Human Protein Atlas (www.
proteinatlas.org). nCPM, normalized counts per million; CD, Crohn’s disease.
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