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Fig S1. Imputation performance across allele frequency bins.
(a) Distribution of imputation accuracy (imputation R²) across allele frequency (AF) bins (0.05–1%) using the TOPMed reference panel. Violin plots show the distribution of R² values within each AF bin for four genotyping arrays (KBA v2.0, KBA v1.1, PangenomiX Plus, and GDA). KBA v2.0 consistently exhibits higher mean and median imputation accuracy compared to the other platforms, particularly in the low-frequency and rare variant ranges, highlighting its robust performance when imputed with the TOPMed reference panel. (b) Aggregated imputation accuracy (aggregated R²) across the full allele frequency spectrum using the KIS (Korean Imputation Service) Phase 2 reference panel. KBA v2.0 demonstrates superior performance across all minor allele frequency (MAF) bins regardless of the reference panel used (see Fig. 2 for TOPMed results). The largest advantage is observed in the low-frequency and rare variant ranges, indicating that the observed performance advantage of KBA v2.0 is robust and not dependent on a specific imputation reference.
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Fig S2. GWAS results for lipid traits.
Manhattan plots illustrate the genome-wide association results obtained using KBA v1.1 (top) and KBA v2.0 (bottom). (a) ALT (b) AST (c) FPG (d) GGT (e) HDL (f) LDL (g) TC (h) TG
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Fig S3. Allelic effects on lipid levels.
Groups are colored by variant effect (blue = protective (negative beta), green = non-carrier, and red = risk (positive beta)). Each violin represents groups of individuals carrying variants annotated as clinical (CLN), deleterious (DLTS), or functional (FUNC) markers. (a) ALT (b) AST (c) FPG (d) GGT (e) LDL (f) TG
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Fig S4. PheWAS of ClinVar variants using UMLS semantic types reveals clinically interpretable lipid associations.
Each point represents a ClinVar variant annotated with a specific UMLS semantic type, plotted by phenotype category on the x-axis and the association significance (−log10P) on the y-axis. Colors denote UMLS semantic type groups, allowing visualization of clinically related variant clusters. Upward-pointing triangles indicate positive β effects, and downward triangles indicate negative β effects. Point size scales with effect magnitude (|β|), while dashed lines denote suggestive (blue, P < 1×10⁻⁵) and phenome-wide (red, P < 5×10⁻⁸) significance thresholds. (a) ALT (b) AST (c) FPG (d) GGT (e) LDL (f) TC
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Fig S5. PheWAS of ClinVar variants using ICD-10 codes reveals clinically interpretable lipid associations.
Each point represents a ClinVar variant annotated with an ICD-10 disease category, plotted by phenotype ICD-10 chapter on the x-axis and the association significance (−log10P) on the y-axis. Colors correspond to ICD-10 categories. Upward-pointing triangles indicate positive β effects, and downward triangles indicate negative β effects. Point size scales with effect magnitude (|β|), while dashed lines denote suggestive (blue, P < 1×10⁻⁵) and phenome-wide (red, P < 5×10⁻⁸) significance thresholds. (a) ALT (b) AST (c) FPG (d) GGP (e) HDL (f) LDL (g) TC (h) TG
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Fig S6. Clinical risk stratification using PRSs integrated with functionally annotated rare variants. 
Each violin plot shows the distribution of phenotype levels according to the direction of rare variant effects within strata of PRSs derived from common variants (MAF ≥ 1%). Panels represent individuals in the bottom 20% PRSs, entire cohort, and top 20% PRSs, respectively. Colors indicate the direction of rare variant effects: blue = protective (negative beta), green = non-carrier, and red = risk (positive beta). Dashed lines indicate group medians. (a) AST (b) FPG (c) GGT (d) HDL (e) LDL (f) TC (g) TG 


Supplementary Text 1. Korea Biobank Array v2.0 Marker Selection and Validation
Whole-genome sequencing (WGS) data from approximately 27,000 individuals of Korean and EAS ancestry were integrated to construct the Korean Biobank Array version 2.0 (KBA v2.0). This dataset included 4,129 high-depth Korean genomes, which served as the primary resource for genome-wide association study (GWAS) grid marker selection, and an additional 22,908 EAS individuals from five population reference databases: gnomAD EAS [1], 1000 Genomes Project Phase 3 EAS [2], TogoVar (Japanese) [3], GenomeAsia 100K Project (GAsP) [4], and the Korea1K Variome [5].
The high-depth Korean WGS samples were processed using DRAGEN [6] v3.8 multi-sample calling. After genotype calling, variant quality refinement was conducted using GATK [7] Variant Quality Score Recalibration (VQSR), retaining only those variants classified as “PASS”, “VQSRTrancheSNP99.90to100.00”, or “VQSRTrancheINDEL99.90to100.00”. Sample-level quality control (QC) excluded individuals with genotype call rates below 95% and samples identified as second-degree or closer relations. Variant-level QC involved the removal of INDELs with low alternative allele counts (≤10), variants with call rate < 95%, singleton variants (allele count < 2), variants failing Hardy–Weinberg equilibrium criteria (HWE P-value < 1×10⁻⁶), and variants located in low-complexity regions defined by RepeatMasker annotations (UCSC Genome browser) [8]. The resulting high-confidence Korean variant set was subsequently processed using Thermo Fisher’s imputation boosting algorithm to refine marker selection for optimized genome-wide imputation performance.
To extend coverage to rare and functionally important variants, we incorporated whole-genome sequencing data from approximately 27,000 Korean and EAS individuals, yielding 398 million unique variants. These variants were functionally annotated using dbNSFP v2.9.3 [9] and v4.1a [10] via SnpEff v4.3 [11] and VEP v110 [12]. A schematic overview of the marker selection pipeline and reference data integration is shown in Fig. 1a. Three major categories of functional variants were prioritized for inclusion: nonsynonymous markers, loss-of-function (LoF) markers, and deleterious variants. Specifically, nonsynonymous and LoF variants were identified based on annotation terms including ‘stop_gained,’ ‘stop_lost,’ ‘splicing_acceptor,’ ‘splicing_donor,’ ‘missense,’ ‘coding,’ ‘frameshift,’ ‘gene_fusion,’ ‘deletion,’ ‘insertion,’ ‘splice_region,’ ‘start_lost,’ ‘start_retained,’ and ‘stop_retained,’ as predicted by SnpEff and VEP. Deleterious variants were selected using dbNSFP-based SnpSift predictions, retaining those labeled as D (Damaging), P (Probably damaging), A (Affecting function), or H (High confidence deleterious).
Clinical markers were included based on known associations with pathogenicity, likely pathogenicity, or drug response. These were curated using the ClinVar database (release 20230917) [13] and the LOVD v2.0 [14]. Pharmacogenomic markers were also comprehensively included, focusing on variants within 73 genes recommended by the American College of Medical Genetics and Genomics (ACMG) [15] and 68 genes from the ADME (Absorption, Distribution, Metabolism, and Excretion) [16] pharmacogenetics framework (Supplementary Table 1). In addition, for HLA (human leukocyte antigen) related genetic variation, variants located in the HLA region [17] with a MAF ≥ 1% in any of the five reference databases were retained.
To validate initial probe designs of the approximately 3.7 million selected variants, we used six Axiom™ myDesign custom genotyping arrays. A total of 480 samples with matched WGS data were genotyped using the screening arrays. After genotyping and comparison analysis with sequencing data, variants with good genotyping clusters (recommended by SNPolisher) and high concordance with WGS ≥ 99% were regarded as validated, yielding 3.07 million variants. Among 3.07 million validated markers, 1.67 million variants were selected based on the following: functional variants MAF ≥ 0.01%, pathogenic variants, HLA regional variants MAF ≥ 1%, and the remaining capacity was filled with tagging variants to enhance imputation performance, particularly for low-frequency variants. 
This comprehensive marker selection pipeline resulted in Korean-specific genotyping array optimized for GWAS, pharmacogenomics, and precision medicine research in EAS populations.
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