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Abstract

Erysipelas is an acute skin and soft-tissue infection predominantly caused by streptococci, yet the host genetic architecture and non-
coding regulatory mechanisms underlying susceptibility remain poorly characterized. We integrated FinnGen R11 erysipelas GWAS data
(24,825 cases and 399,149 controls) with GTEx v8 and multiple functional genomic resources. Cross-tissue and tissue-specific TWAS,
MAGMA, and Polygenic Priority Score (PoPS) analyses were combined with regional association testing, functional annotation,
eQTL/sQTL and colocalization analyses, ENCODE chromatin annotations, rE2G/ABC enhancer-to-gene mapping, and AlphaGenome,
Borzoi, and Enformer sequence-to-function models. TNRC6B was the only gene remaining significant after FDR correction in UTMOST (P
=1.21 x 1073, FDR = 0.045) and was further supported by FUSION, MAGMA (Z = 3.4697, P =2.61 x 10-4), and PoPS (score = 0.7712;
genome-wide rank 324/18,383; local rank 2/31). No regional variant reached genome-wide significance. Integrated regulatory analyses
prioritized rs4821940 and rs6001827 as Tier A candidates, whereas the 3'UTR variant rs139915 was classified as Tier B. Sequence-to-
function models provided context-dependent support, although effect directions varied across models and tissues. Evidence-module
integration, leave-one-module-out analyses, and 5,000 random weight perturbations consistently ranked rs4821940, rs6001827, and
rs139915 among the top three candidates. These findings prioritize TNRC6B and linked regulatory variants for further investigation but
do not establish causal effects.

Introduction

Erysipelas is an acute bacterial infection involving the superficial dermis and lymphatic vessels, with group A Streptococcus being the
predominant causative pathogen [1, 2]. Although antimicrobial therapy is generally effective in controlling acute infection, recurrence
remains common in a subset of patients. Impaired lymphatic drainage, chronic edema, venous insufficiency, obesity, diabetes, and
disruption of the skin barrier have all been associated with an increased risk of erysipelas and its recurrence [3]. These observations
suggest that, in addition to pathogen exposure, interindividual differences in host genetic background and immune regulation may
contribute to disease susceptibility.

Previous studies have provided preliminary evidence for a genetic contribution to susceptibility to erysipelas and related non-necrotizing
cellulitis. Family-based linkage analysis identified a disease-associated region at 9934 and suggested that regulatory variation in AGTR1
may contribute to susceptibility [4]. Variants in inflammation- and oxidative stress-related genes, including IL17A, CYP1A1, SOD1, SOD2,
and CAT, have also been reported to be associated with erysipelas risk or related immune phenotypes [5-7]. However, these studies have
largely focused on individual candidate genes or restricted genomic regions and therefore do not provide a comprehensive view of the
genetic architecture underlying erysipelas. Because a substantial proportion of variants associated with complex traits are located in
non-coding regions, genomic proximity alone is often insufficient to identify their functional target genes or regulatory mechanisms [8, 9].
Resolving the links between disease-associated variants and gene regulation is therefore essential for interpreting the genetic basis of
erysipelas susceptibility.

Transcriptome-wide association studies (TWAS) integrate GWAS summary statistics with genetically predicted gene expression and
provide a framework for linking genetic variation to candidate genes [10, 11]. However, TWAS associations may be influenced by linkage
disequilibrium (LD), co-regulation, and shared cis-regulatory architecture among neighboring genes, and therefore do not by themselves
establish a causal role for the implicated gene [12]. Interpretation of TWAS findings consequently benefits from the integration of
complementary evidence, including gene-based association, functional prioritization, quantitative trait locus (QTL) analyses,
colocalization, and variant-to-gene mapping [13-16]. Enhancer-to-gene approaches such as regulatory element-to-gene (rE2G) and
Activity-by-Contact (ABC) models can further nominate potential target genes of non-coding regulatory elements [17-19]. In parallel,
sequence-to-function models, including AlphaGenome, Borzoi, and Enformer, enable prediction of allele-dependent regulatory effects
directly from genomic sequence [20, 21]. Because these approaches are methodologically related and are not fully independent,
integrating them at the level of evidence classes and evaluating the robustness of the resulting prioritization is preferable to simply
counting the number of nominally supportive models.

TNRC6B (trinucleotide repeat containing adaptor 6B) encodes a member of the GW182 protein family and is an important component of
microRNA (miRNA)-mediated gene silencing [22, 23]. TNRC6B interacts with Argonaute proteins and participates in RNA-induced
silencing complex (RISC)-mediated post-transcriptional regulation, while also recruiting deadenylation machinery such as the CCR4-NOT
complex to modulate target mMRNA stability and translational efficiency. The established roles of the TNRC6 family in miRNA-dependent
repression and viral RNA regulation suggest a potential connection with infection-related and immune-regulatory processes [24].
Nevertheless, there is currently no direct evidence that TNRC6B or specific regulatory variants at this locus contribute to erysipelas. Its
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potential involvement in erysipelas susceptibility therefore requires systematic evaluation using genetic and functional genomic
approaches.

In this study, we integrated FinnGen R11 erysipelas GWAS data with multiple publicly available functional genomic resources. We first
evaluated gene-level support for TNRC6B using cross-tissue TWAS, tissue-specific TWAS, MAGMA, and the Polygenic Priority Score
(PoPS). We then performed regional genetic analyses together with QTL and colocalization analyses, regulatory annotation, rE2G/ABC
enhancer-to-gene mapping, and sequence-to-function prediction using AlphaGenome, Borzoi, and Enformer to systematically assess
candidate non-coding variants in the TNRC6B region. Finally, we applied evidence module-based integration and sensitivity analyses to
identify variants with relatively robust TNRC6B-linked regulatory support. An overview of the analytical workflow and the multi-layer
evidence integration framework is shown in Fig. 1.

The study integrated FinnGen R11 erysipelas GWAS data with GTEx v8, the eQTL Catalogue, ENCODE functional genomic resources, and
the 1000 Genomes reference panel. Gene-level association and prioritization were first performed using UTMOST, FUSION, MAGMA, and
PoPS. Variants within the TNRC6B + 1 Mb region were subsequently evaluated by regional variant screening, functional annotation,
linkage disequilibrium (LD) analysis, QTL analysis, and colocalization, followed by enhancer-to-gene mapping using rE2G and Activity-by-
Contact (ABC). Candidate variants were further assessed using the sequence-to-function models AlphaGenome, Borzoi, and Enformer.
Evidence from statistical genetics, functional annotation, QTL analyses, enhancer-to-gene mapping, sequence models, motif/RNA
analyses, and target-gene specificity was then integrated at the module level. Robustness of variant prioritization was evaluated using
leave-one-module-out analysis, leave-one-model-out analysis, and random weight perturbation.

Results
Multi-layer gene-level analyses prioritize TNRC6B

Using FinnGen R11 erysipelas GWAS data comprising 24,825 cases and 399,149 controls, cross-tissue TWAS with UTMOST identified
265 nominally associated genes (P < 0.05). After false discovery rate (FDR) correction, TNRC6B was the only gene that remained
significant (test score =10.61, P =1.21 x 105, FDR = 0.045). Tissue-specific FUSION analysis identified 302 Ensembl gene identifiers
reaching FDR < 0.05 in at least one GTEx v8 tissue, of which 237 had available gene-symbol annotations. TNRC6B reached significance in
both Artery Aorta and Brain Cerebellum. Complete UTMOST and FUSION results are provided in Supplementary Tables S1 and S2,
respectively.

MAGMA gene-based analysis further supported TNRC6B, with a Z score of 3.4697 and P =2.61 x 104, ranking 101st among 18,758
genes. PoPS analysis independently prioritized TNRC6B at rank 324 of 18,383 genes genome-wide and rank 2 of 31 genes within the + 1
Mb regional window. Regional gene-prioritization results, the corresponding MAGMA and PoPS statistics for TNRC6B, and chromosome
22 PoPS results are provided in Supplementary Table S3, with extended gene-level visualizations shown in Supplementary Fig. S1.

Collectively, the convergent evidence from TWAS, MAGMA, and PoPS prioritized TNRC6B as a key candidate gene for subsequent variant-
level regulatory analyses (Fig. 2).

A, Cross-tissue UTMOST and tissue-specific FUSION results for TNRC6B. In UTMOST, TNRC6B showed a test score of 10.61 (P =1.21 x
10-5, FDR = 0.045). Tissue-specific FUSION analysis further identified significant associations for TNRC6B in Artery Aorta and Brain
Cerebellum.

B, Genome-wide MAGMA gene-based association analysis. TNRC6B had Z = 3.4697 and P =2.61 x 104, ranking 101st among 18,758
genes. The dashed line indicates the Bonferroni-corrected significance threshold.

C, PoPS prioritization within the TNRC6B + 1 Mb region. TNRC6B had a PoPS score of 0.7712 and ranked 2nd among 31 local genes,
second only to EP300; its genome-wide rank was 324 of 18,383 genes.

Regional analyses indicate predominantly non-coding regulatory signals at the TNRC6B locus

A total of 1,656 variants were located within the TNRC6B gene body, whereas 14,486 variants were identified within the + 1 Mb regional
window. The strongest association within the gene body was observed for rs539666509 (P = 8.20 x 10-¢), while the lead variant across
the + 1 Mb region was rs1037512591 (P = 2.80 x 10-¢). No variant within this region reached genome-wide significance (P <5 x 10-8).

Within the TNRC6B gene body, 146 variants met the prespecified functional-annotation screening threshold of P <1 x 10-3. VEP
annotation identified no missense, synonymous, or clearly splice-related variants among these candidates, whereas rs139915 was
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located in the 3' untranslated region (3'UTR) of the TNRC6B MANE Select transcript. Gene-body variants meeting P <1 x 1073, the fixed set
of 27 candidate variants, and the corresponding allele quality-control results are provided in Supplementary Table S4. Integration of LD
information with ENCODE candidate cis-regulatory elements (cCREs), chromatin accessibility, and histone-modification datasets
indicated that the prioritized signals were predominantly located in regulatory contexts relevant to endothelial, immune, and skin-
associated cell types. Chromatin annotations for the candidate variants and their high-LD proxies, together with LD summaries and allele-
count information from the reference panels, are provided in Supplementary Table S5.

Among the prioritized candidates, rs4821940 is an intronic TNRC6B variant supported by multiple active-chromatin annotations;
rs6001827 shows prominent promoter-associated regulatory features; rs139915 is located in the 3'UTR; rs539666509 is supported by
enhancer/cCRE annotations but has a low allele frequency; and rs4820399 is characterized primarily by intronic and upstream
annotations. These five variants were carried forward for subsequent mechanistic analyses (Fig. 3).

A, FinnGen GWAS association profile across the TNRC6B + 1 Mb region. Key candidate variants, including rs539666509, rs4821940,
rs4820399, rs6001827, and rs139915, are highlighted. The dashed line indicates the genome-wide significance threshold (P = 5 x 10-8).
No variant within the region reached genome-wide significance.

B, Functional annotation of the five prioritized candidate variants, including GWAS P values, VEP consequences, cCRE annotations, and
minor allele counts in the FIN and EUR reference panels.

C, Chromatin regulatory evidence for the candidate variants across biologically relevant cellular contexts, including skin/keratinocyte,
fibroblast, endothelial/vascular, monocyte/macrophage, neutrophil, and T-cell contexts.

cCRE, candidate cis-regulatory element; MAC, minor allele count.
QTL and colocalization analyses reveal tissue-dependent regulatory signals for TNRC6B

Across the public QTL datasets examined, the strongest TNRC6B cis-eQTL signal was observed in Brain Cerebellum, with a minimum P
value of 2.73 x 10-8. Cis-eQTL signals of varying strength were also detected in Artery Aorta, skin, blood, spleen, and other tissues.

Coloc.abf analysis yielded a posterior probability for a shared causal signal (PP.H4) of 0.797 in Brain Cerebellum, compared with 0.301 in
Artery Aorta and 0.087 in Artery Tibial. The Brain Cerebellum colocalization result was sensitive to prior specification, and coloc.susie did
not yield a stable and comparable GWAS-QTL signal pair. Candidate-variant eQTL/sQTL lookups, coloc.abf results, prior-sensitivity
analyses, and coloc.susie assessments are summarized in Supplementary Table S6.

At the variant level, rs4821940, rs6001827, rs139915, and rs4820399 showed evidence of association with TNRC6B expression in
available eQTL datasets. Overall, the genetic regulation of TNRC6B appeared to be strongly tissue- and context-dependent, with Brain
Cerebellum providing the strongest locus-level colocalization support among the tissues examined (Fig. 4A).

rE2G and ABC distinguish regulatory patterns across candidate variants

Among the fixed set of 27 candidate variants, 24 showed an exact overlap with at least one regulatory element represented in the rE2G or
ABC maps, and 23 overlapped distal or non-promoter elements. Integration of rE2G and ABC predictions revealed distinct TNRC6B-linked
regulatory patterns across candidate variants. Complete rE2G/ABC primary edges, target-gene specificity assessments, biosample
support, and strict concordance results are provided in Supplementary Table S7, with the overall enhancer-to-gene landscape shown in
Supplementary Fig. S2. Importantly, the reported numbers of regulatory links represent aggregated computationally predicted
connections across reference maps and biosample contexts and should not be interpreted as independent experimental validation
events.

rs4821940 showed the clearest non-promoter variant-to-gene pattern, with 35 predicted non-promoter links to TNRC6B. In rE2G, TNRC6B
was ranked as the top predicted target gene for the corresponding regulatory element across 18 biosample terms, and ABC
independently supported a regulatory connection to TNRC6B. rs539666509 was likewise supported by both rE2G and ABC, although its
low allele frequency limits interpretation based on LD-dependent evidence.

For rs6001827, the predicted TNRC6B links arose predominantly from promoter or self-promoter elements, consistent with a promoter-
associated regulatory mechanism. rs139915 was linked to TNRC6B as well as ADSL and SGSM3, indicating appreciable target-gene
ambiguity. In contrast, rs4820399 showed no TNRC6B-specific support from either rE2G or ABC (Fig. 4B,C).
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A, Coloc.abf results comparing TNRC6B eQTL signals with the erysipelas GWAS in Brain Cerebellum, Artery Aorta, and Artery Tibial. Brain
Cerebellum showed the highest PP.H4 (0.797). The dashed line indicates PP.H4 = 0.8, and the panel on the right shows sensitivity of the
Brain Cerebellum result to the prior probability of a shared causal variant (p12).

B, Regulatory element-to-gene links predicted by rE2G and ABC across the TNRC6B locus. Connections represent computationally
predicted links between candidate regulatory elements and TNRC6B or alternative target genes.

C, Target-gene specificity and promoter versus non-promoter regulatory patterns for the five prioritized candidate variants. rs4821940
predominantly showed non-promoter regulatory links to TNRC6B, whereas rs6001827 was characterized mainly by promoter/self-
promoter regulatory support. rs139915 showed additional predicted links to alternative targets, including ADSL and SGSM3, indicating
target-gene ambiguity.

Sequence-to-function models reveal context-dependent effects of candidate variants

All 27 candidate variants were successfully evaluated using REF/ALT predictions from AlphaGenome, Borzoi, and Enformer.
Comprehensive sequence-model summaries, model-specific effect rankings, direction-concordance analyses, matched-context
comparisons, QTL—prediction comparisons, and polyA- and motif/RNA-related results are provided in Supplementary Table S8.
Representative extended sequence-model profiles and cross-model comparisons are shown in Supplementary Figs. S3-S4.

Cross-model analyses showed that the candidate variants exhibited a mixture of concordant and discordant predictions, indicating
substantial assay-, tissue-, and model-dependent heterogeneity in sequence-level effects. Complete results for cross-model effect
rankings, direction concordance, matched-context comparisons, and QTL—prediction directionality are presented in Supplementary Fig.
S4.

Among the prioritized variants, rs139915 showed RNA/polyA-related sequence support, although the predicted direction differed across
Borzoi replicates. rs539666509 exhibited relatively strong local sequence-model effects but limited cross-model concordance.
rs4820399 also showed local sequence-level effects; however, these predictions were not accompanied by TNRC6B-specific enhancer-to-
gene support. Overall, the sequence-to-function analyses helped distinguish the predicted regulatory profiles of individual candidate
variants while also highlighting the context dependence and model sensitivity of these effects (Fig. 5).

A, Allele-dependent sequence-model predictions surrounding rs4821940, showing REF/ALT differences predicted by AlphaGenome,
Borzoi, and Enformer within matched regulatory contexts.

B, RNA/polyA-related predictions for the TNRC6B 3'UTR variant rs139915. The predicted direction showed some inconsistency across
Borzoi model replicates.

C, Integrated cross-model interpretation of the five prioritized candidate variants. rs4821940 showed predominantly partial and context-
dependent support; rs6001827 was characterized mainly by promoter- and transcription-related effects; rs139915 showed RNA/polyA-
related but model-sensitive predictions; rs539666509 exhibited cross-model conflict; and rs4820399 showed local sequence-level effects
without TNRC6B-specific enhancer-to-gene support.

Multi-evidence integration prioritizes rs4821940, rs6001827, and rs139915

After organizing the available evidence into seven modules—statistical genetics, functional annotation, QTL, enhancer-to-gene mapping,
sequence models, motif/RNA evidence, and target-gene specificity—the 27 candidate variants were classified into 2 Tier A, 16 Tier B, 7
Tier C, and 2 Tier D candidates. The complete seven-module evidence states, final tiers, rankings, and major limitations for all 27 variants
are provided in Supplementary Table S9.

rs4821940 and rs6001827 were both classified as Tier A and jointly occupied the top two positions, whereas rs139915 was classified as
Tier B and consistently ranked third. rs539666509 was assigned to Tier B, while rs4820399 was classified as Tier C. rs4821940 was
primarily supported by chromatin, QTL, and enhancer-to-gene evidence and represented the strongest non-promoter TNRC6B-linked
candidate. By contrast, rs6001827 predominantly reflected promoter-associated regulation, whereas rs139915 defined a distinct
3'UTR/RNA-regulatory pattern.
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Across 5,000 random module-weight perturbations, rs4821940, rs6001827, and rs139915 were included among the top three candidates
in 100% of iterations. The top-rank frequencies for rs4821940 and rs6001827 were 50.72% and 49.28%, respectively, indicating nearly
equivalent overall prioritization despite their distinct regulatory profiles. Multi-layer evidence, major limitations, and final classifications
for the five prioritized variants are summarized in Table 1. The complete seven-module evidence matrix for all 27 candidates is provided
in Supplementary Table S9, whereas leave-one-module-out, leave-one-model-out, and 5,000-iteration module-weight perturbation results
are presented in Supplementary Table S10 and Supplementary Fig. S5.

Taken together, rs4821940 and rs6001827 emerged as two similarly prioritized but mechanistically distinct regulatory candidates, while
rs139915 represented a comparatively independent RNA-level regulatory hypothesis (Fig. 6).

Table 1
Integrated evidence and final prioritization of key candidate variants in the TNRC6B region
Variant GWAS P Genomic context QTL Enhancer-to- Sequence-to-function Key Final
evidence gene evidence limitation tier /
rank
rs4821940 2.16x10-% Intronic TNRC6B 35 non- Partial/context- Effect Tier
eQTL promoter dependent support direction A,
support TNRC6B links; varies by rank
TNRC6B context 1-2
favored
rs6001827 8.42x10-5  Intronic/promoter- TNRC6B Promoter/self-  Promoter/transcription-  No distal Tier
associated eQTL promoter links  related support non- A,
support promoter rank
TNRC6B 1-2
links
rs139915 2.64x10-+ 3'UTR TNRC6B TNRC6B links RNA/polyA-related, Alternative- Tier
eQTL with model-sensitive target B,
support ADSL/SGSM3 ambiguity rank
ambiguity 3
rs539666509 8.20x10-® Intronic Limited 143 non- Model conflict Low Tier
assessment  promoter frequency; B
TNRC6B links FIN MAC =
0, EUR MAC
=1
rs4820399 4.59%10"%  Intronic/upstream  TNRC6B No TNRC6B- Local sequence effects  Target Tier
eQTL signal  specific E2G assignment C
support unsupported

Symbols M, L, 0, !, and — denote moderate support, limited support, no support, conflicting evidence, and not assessable, respectively.

A, Support levels for the five prioritized variants across seven evidence modules: statistical genetics, functional annotation, QTL,

enhancer-to-gene mapping, sequence models, motif/RNA evidence, and target-gene specificity.

B, Changes in candidate-variant rankings in the leave-one-module-out analysis.

C, Top-1 and top-3 frequencies of rs4821940, rs6001827, and rs139915 across 5,000 random module-weight perturbations.

D, Final integrated prioritization. rs4821940 and rs6001827 were classified as Tier A candidates, representing non-promoter regulatory
and promoter-associated regulatory hypotheses, respectively, whereas rs139915 was classified as Tier B and represented a distinct
3'UTR/RNA-level regulatory hypothesis.

Discussion

In this study, we integrated FinnGen R11 erysipelas GWAS data with TWAS, MAGMA, PoPS, QTL and colocalization analyses, regulatory
annotation, enhancer-to-gene mapping, and sequence-to-function models to systematically prioritize TNRC6B and nearby non-coding
variants. TNRC6B remained significant after FDR correction in the cross-tissue TWAS and was further supported by tissue-specific TWAS,
MAGMA, and PoPS analyses [10, 13-15, 17, 18, 20, 21]. Subsequent variant-level analyses prioritized rs4821940 and rs6001827 as Tier A
candidates, whereas rs139915 was classified as a Tier B candidate with a distinct 3'UTR/RNA-regulatory profile. Together, these findings
suggest that the TNRC6B locus may harbor multiple forms of non-coding regulatory variation rather than a single uniform regulatory
mechanism.
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Previous studies of host genetic susceptibility to erysipelas have been relatively limited and have mainly focused on the 9q34 linkage
signal, AGTRT, and selected inflammation- or oxidative stress-related candidate genes [5]. These studies support a contribution of host
genetic factors to erysipelas susceptibility, but they have not systematically resolved the regulatory variants underlying disease-
associated signals. By extending gene-level prioritization to variant-to-gene mapping and sequence-level functional prediction, our study
provides a more detailed framework for interpreting the regulatory architecture of erysipelas susceptibility.

TNRC6B received consistent support across several gene-level approaches, although these methods capture different aspects of genetic
evidence. TWAS evaluates associations between genetically predicted gene expression and disease, MAGMA aggregates SNP-level
association signals at the gene level, and PoPS prioritizes genes by integrating genetic association with functional features. The
consistent prioritization of TNRC6B across these analyses supports its designation as a high-priority candidate susceptibility gene.
However, these lines of evidence should not be regarded as fully independent. In particular, POPS incorporates gene-level association
information and therefore partly depends on the underlying MAGMA signal. Moreover, other genes within the regional locus also received
substantial prioritization, indicating that the locus may contain a more complex multi-gene or multi-regulatory-element architecture rather
than a uniquely resolved target gene [12].

At the variant level, rs4821940, rs6001827, and rs139915 displayed distinct predicted regulatory patterns. rs4821940 showed the
clearest non-promoter regulatory element-to-TNRC6B relationship and was supported by chromatin annotations, QTL evidence, and both
rE2G and ABC mapping. This convergence makes rs4821940 the strongest non-promoter TNRC6B-linked candidate in the present
analysis. By contrast, the evidence for rs6001827 was concentrated primarily in promoter and self-promoter elements, consistent with a
promoter-associated regulatory hypothesis. rs139915 is located in the TNRC6B 3'UTR and showed RNA/polyA-related evidence,
suggesting a potentially distinct post-transcriptional regulatory route [25, 26]. The remaining highlighted variants were less compelling
overall: rs539666509 showed substantial regulatory predictions but was limited by its low allele frequency and instability in LD reference
panels, whereas rs4820399 lacked TNRC6B-specific enhancer-to-gene support despite showing local sequence-level effects. These
contrasts illustrate the value of combining target-gene assignment with local functional prediction rather than interpreting either source
of evidence in isolation.

QTL and colocalization analyses further indicated that genetic regulation of TNRC6B is strongly tissue- and context-dependent [27]. Brain
Cerebellum provided the strongest locus-level colocalization support among the tissues examined, but the PP.H4 estimate remained
below the prespecified strong-support threshold and was sensitive to prior specification. In addition, coloc.susie did not identify a stable
and directly comparable GWAS—QTL signal pair. These results therefore do not support a simple model in which a single shared causal
variant robustly explains both TNRC6B expression and erysipelas risk across tissues. Instead, they are more consistent with modest and
context-dependent regulatory sharing.

Sequence-to-function analyses provided an additional layer of variant interpretation but similarly showed substantial heterogeneity.
AlphaGenome, Borzoi, and Enformer predicted allele-dependent effects for several candidate variants, yet effect direction and magnitude
varied across assays, tissues, and models [28]. This was particularly evident for rs139915, for which RNA/polyA-related predictions
differed across Borzoi replicates, and for rs539666509, which showed relatively strong local effects but limited cross-model
concordance. These models should therefore be interpreted as complementary computational predictors rather than as independent
functional validations. The combined results support convergence of multiple moderate lines of evidence rather than a single large and
uniformly reproducible sequence-level effect.

The established molecular function of TNRC6B provides biological plausibility for its potential involvement in host susceptibility. TNRC6B
belongs to the GW182/TNRC6 family and is a core component of microRNA-mediated gene silencing. Through interactions with
Argonaute proteins and deadenylation machinery such as CCR4—-NOT, TNRC6 proteins regulate mRNA stability, decay, and translational
repression [22]. The involvement of the TNRC6 family in miRNA-dependent repression and host regulation of viral RNA further suggests a
potential role in infection-related post-transcriptional control [29]. Nevertheless, these established molecular functions do not
demonstrate that the prioritized erysipelas-associated variants alter RISC activity or other TNRC6B-dependent processes. The specific
role of TNRC6B in streptococcal infection and erysipelas therefore remains to be determined.

Secondary analyses provided additional but limited contextual evidence. MAGMA.Celltyping did not reveal a robust erysipelas-relevant
cell-type enrichment pattern [30]. Although random-walk-with-restart analysis placed TNRC6B relatively high in the propagated network,
most of its propagation score was attributable to its own MAGMA-derived seed, limiting its interpretation as independent network
support [31]. MESC suggested a possible expression-mediated component of erysipelas heritability, but the global estimate was
imprecise and no tissue-specific estimate remained significant after multiple-testing correction [32]. Detailed results for
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MAGMA.Celltyping, network propagation, and MESC are provided in Supplementary Table S11 and Supplementary Figs. S6—-S8. These
analyses therefore serve primarily to contextualize the main findings rather than to provide independent validation of TNRC6B.

A major strength of this study is the integration of gene-level association, regulatory genomics, variant-to-gene mapping, and sequence-
to-function prediction within a unified analytical framework. Importantly, related computational approaches were grouped into evidence
modules rather than treated as independent votes, reducing inflation from correlated methods. The leave-one-module-out, leave-one-
model-out, and random module-weight perturbation analyses further showed that rs4821940, rs6001827, and rs139915 remained among
the most highly prioritized variants under a broad range of analytical perturbations. This robustness does not establish causality, but it
increases confidence that their prioritization is not driven solely by any single computational method.

Several limitations should be considered. First, the genetic data were derived predominantly from the Finnish population, and differences
in allele frequency and LD structure may limit generalizability to other ancestries. Second, no variant in the TNRC6B region reached
conventional genome-wide significance, and the regional associations should therefore be interpreted as sub-genome-wide signals
requiring replication. Third, available QTL and epigenomic resources do not fully reproduce the cellular and inflammatory environment of
acute erysipelas [33]. Fourth, low-frequency variants such as rs539666509 are poorly represented in commonly used reference panels,
reducing confidence in LD-dependent analyses. Fifth, enhancer-to-gene and sequence-to-function results remain computational
predictions, and some candidate effects were model- or context-dependent. Finally, no allele-specific functional experiments were
performed. Thus, the present study prioritizes regulatory hypotheses but does not establish TNRC6B or any individual variant as causal.

Overall, rs4821940, rs6001827, and rs139915 represent three mechanistically distinct regulatory hypotheses at the TNRC6B locus: a non-
promoter regulatory element-to-gene model, a promoter-associated model, and a 3'UTR/RNA-level model, respectively. Their consistent
prioritization across multi-layer evidence and robustness analyses makes them the principal candidates for future mechanistic
investigation. However, experimental studies will be required to determine whether these variants directly alter TNRC6B regulation and
whether such effects contribute to erysipelas susceptibility.

Conclusion

In this study, we integrated FinnGen R11 erysipelas GWAS data with TWAS, MAGMA, PoPS, QTL and colocalization analyses, regulatory
annotation, rE2G/ABC enhancer-to-gene mapping, and sequence-to-function analyses to systematically prioritize TNRC6B and nearby
non-coding variants. TNRC6B remained significant after FDR correction in the cross-tissue TWAS and received consistent support from
tissue-specific TWAS, MAGMA, and PoPS, indicating a high gene-level priority.

Further analyses suggested that the principal candidate signals at the TNRC6B locus are predominantly regulatory rather than protein-
coding. rs4821940 and rs6001827 received the highest integrated prioritization and represented non-promoter and promoter-associated
regulatory hypotheses, respectively, whereas rs139915 supported a distinct 3'UTR/RNA-level regulatory hypothesis. Module-based
evidence integration and robustness analyses further supported these three variants as the leading candidates.

Overall, TNRC6B emerges as a high-priority candidate gene for erysipelas susceptibility, with rs4821940, rs6001827, and rs139915
representing the principal variants for future functional investigation. However, because no variant in the region reached genome-wide
significance and several lines of evidence showed tissue- and model-dependent heterogeneity, these findings should be interpreted as
computational prioritization rather than evidence of established causality or experimentally validated regulatory mechanisms.

Methods
Data sources and overall study design

GWAS summary statistics for erysipelas were obtained from FinnGen Release 11 for phenotype AB1_ERYSIPELAS, comprising 24,825
cases and 399,149 controls. All genomic analyses were performed using GRCh38 coordinates. The conventional genome-wide
significance threshold was set at P< 5 x 1078,

The study was conducted in a stepwise framework. FinnGen GWAS data were first integrated with GTEx v8 expression-prediction
resources for gene-level prioritization. Variants within the TNRC6B gene body and a + 1 Mb regional window were subsequently screened
and functionally annotated. QTL and colocalization analyses, enhancer-to-gene mapping, and sequence-to-function predictions were then
incorporated to characterize potential regulatory mechanisms. Finally, evidence from different analytical domains was grouped into
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predefined modules for variant tiering and robustness assessment. Software and resource versions, genome builds, recorded
parameters, and documentation status for each analysis are summarized in Supplementary Table S12.

Gene-level association and prioritization

Cross-tissue transcriptome-wide association analysis was performed using UTMOST by integrating genetically predicted gene
expression across 49 GTEx v8 tissues. False discovery rate (FDR) < 0.05 was used as the multiple-testing-adjusted significance
threshold. Tissue-specific TWAS was subsequently performed using FUSION with GTEx v8 tissue-specific expression weights and GWAS
Z statistics to evaluate associations between genetically predicted expression and erysipelas susceptibility.

Genome-wide gene-based association analysis was performed using MAGMA v1.10 with Ensembl release 116 gene annotations.
MAGMA gene-level statistics were subsequently used as input for PoPS v0.2, which prioritizes genes by integrating genetic association
evidence with functional features, including expression, pathway, and protein—protein interaction information. TNRC6B was evaluated
according to both its genome-wide PoPS rank and its rank among genes within the local £ 1T Mb region.

Regional variant screening and regulatory annotation

FinnGen GWAS variants within the TNRC6B gene body and the surrounding + 1 Mb region were extracted for regional analyses. P < 1 x
104 and P <1 x 1072 were used as screening thresholds for functional prioritization and were not interpreted as GWAS significance
thresholds. Subsequent functional analyses were based on a prespecified set of 27 candidate variants.

Candidate variants were annotated using Ensembl Variant Effect Predictor (VEP) v116, with additional integration of CADD, SpliceAl, and
MANE Select transcript information. Linkage disequilibrium was evaluated using 1000 Genomes Project Phase 3 European (EUR) and
Finnish (FIN) reference populations, with r2 = 0.8 defining high-LD proxies.

Candidate variants and their high-LD proxies were further intersected with ENCODE SCREEN candidate cis-regulatory elements (cCRESs),
DNase-seq/ATAC-seq chromatin-accessibility data, H3K27ac, H3K4me1/H3K4me3 histone-modification tracks, and transcription factor
ChIP-seq datasets. Regulatory evidence was evaluated with particular attention to skin/keratinocyte and fibroblast, endothelial/vascular,
and major immune-cell contexts.

QTL and colocalization analyses

TNRC6B cis-eQTL and sQTL data were obtained primarily from eQTL Catalogue release 7, including GTEx v8 and multiple immune-cell
and stimulation-condition datasets. QTL and FinnGen GWAS datasets were harmonized to the GRCh38 reference genome, and effect
alleles were aligned before directional comparisons.

Single-signal colocalization was performed using coloc.abf implemented in coloc v5.2.3. The primary prior probability for a shared causal
variant was set to p12 =1 x 10-%, with p12 values of 1 x 10-¢ and 1 x 10~* examined in prior-sensitivity analyses. PP.H4 = 0.8 was
predefined as relatively strong support for colocalization, whereas 0.5 < PP.H4 < 0.8 was considered moderate support. Potential multi-
signal colocalization was further evaluated using coloc.susie together with susieR v0.14.2.

Enhancer-to-gene mapping

The fixed set of 27 candidate variants was mapped against ENCODE-rE2G v1.0.0 and ABC v1.1.2 reference maps. Exact genomic overlap
between each variant and annotated regulatory elements was required, and corresponding target genes, prediction scores, and
biosample information were retained.

Promoter/self-promoter and non-promoter regulatory elements were evaluated separately. Promoter/self-promoter links were excluded
when specifically assessing distal regulatory mechanisms. Concordant support between rE2G and ABC was defined when the variant,
regulatory element, and predicted target gene were consistent across both methods. Alternative predicted target genes were also
recorded to evaluate target-gene specificity.

Sequence-to-function analyses
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The same 27 candidate variants were evaluated using REF/ALT sequence predictions from AlphaGenome, Borzoi, and Enformer.

AlphaGenome analyses were performed using the official SDK v0.9.0 and the GRCh38 reference genome to evaluate predicted effects of
candidate variants on chromatin, transcriptional, and RNA-related molecular phenotypes. Borzoi analyses used four official pretrained
model replicates, with REF and ALT predictions compared for each candidate variant. Enformer analyses used the official v1 model to
assess local regulatory effects and TNRC6B-associated transcriptional predictions.

Directional comparisons across models were performed only when the assay type, tissue or cellular context, and evaluated genomic
region could be reasonably matched. For 3'UTR candidates, additional analyses incorporated ENCODE eCLIP data, miRNA annotations,
evolutionary conservation, and TF/RNA motif information to evaluate potential RNA-level regulatory effects.

Multi-evidence integration and robustness analyses

Evidence for each candidate variant was organized into seven predefined modules: statistical genetics, functional annotation, QTL,
enhancer-to-gene mapping, sequence models, motif/RNA evidence, and target-gene specificity. AlphaGenome, Borzoi, and Enformer were
grouped within a single sequence-model module, whereas rE2G and ABC were grouped within a single enhancer-to-gene module to
reduce overcounting of methodologically related evidence.

Variants were classified into Tiers A-D according to module-level support. Tier A required moderate or strong support from at least three

distinct evidence modules, including evidence from either the QTL or enhancer-to-gene module. Tier B variants were supported by at least
two modules but showed missing or conflicting evidence in other domains. Tier C variants were supported primarily by a single evidence

category, whereas Tier D variants lacked clear TNRC6B-specific support.

Leave-one-module-out and leave-one-model-out analyses were performed to assess whether variant prioritization depended
disproportionately on any single evidence source. Robustness was further evaluated using 5,000 random module-weight perturbations,
from which the frequencies of each candidate ranking within the top 1 and top 3 were calculated. FDR correction was applied to large-
scale association analyses, with FDR < 0.05 used as the principal multiple-testing threshold where applicable. All directional comparisons
were performed only after harmonization of REF/ALT alleles and effect alleles.
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Figure 1

2  Gene-level prioritization
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3 Variant selection and annotation
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Overall analytical workflow for prioritizing TNRC6B-linked regulatory variants in erysipelas susceptibility.

The study integrated FinnGen R11 erysipelas GWAS data with GTEx v8, the eQTL Catalogue, ENCODE functional genomic resources, and
the 1000 Genomes reference panel. Gene-level association and prioritization were first performed using UTMOST, FUSION, MAGMA, and
PoPS. Variants within the TNRC6B +1 Mb region were subsequently evaluated by regional variant screening, functional annotation,
linkage disequilibrium (LD) analysis, QTL analysis, and colocalization, followed by enhancer-to-gene mapping using rE2G and Activity-by-
Contact (ABC). Candidate variants were further assessed using the sequence-to-function models AlphaGenome, Borzoi, and Enformer.
Evidence from statistical genetics, functional annotation, QTL analyses, enhancer-to-gene mapping, sequence models, motif/RNA
analyses, and target-gene specificity was then integrated at the module level. Robustness of variant prioritization was evaluated using
leave-one-module-out analysis, leave-one-model-out analysis, and random weight perturbation.
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Multi-layer gene-level analyses prioritize TNRC6B.

A,Cross-tissue UTMOST and tissue-specific FUSION results for TNRC6B. In UTMOST, TNRC6B showed a test score of 10.61 (P = 1.21 x
10-5, FDR = 0.045). Tissue-specific FUSION analysis further identified significant associations for TNRC6B in Artery Aorta and Brain
Cerebellum.

B,Genome-wide MAGMA gene-based association analysis. TNRC6B had Z = 3.4697 and P = 2.61 x 10~ ranking 101st among 18,758
genes. The dashed line indicates the Bonferroni-corrected significance threshold.

C, PoPS prioritization within the TNRC6B +1 Mb region. TNRC6B had a PoPS score of 0.7712 and ranked 2nd among 31 local genes,
second only to EP300; its genome-wide rank was 324 of 18,383 genes.
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Figure 3

Genetic association and regulatory annotation across the TNRC6Blocus.

A, FinnGen GWAS association profile across the TNRC6B +1 Mb region. Key candidate variants, including rs539666509, rs4821940,
rs4820399, rs6001827, and rs139915, are highlighted. The dashed line indicates the genome-wide significance threshold (P = 5 x 10-8).
No variant within the region reached genome-wide significance.

B, Functional annotation of the five prioritized candidate variants, including GWAS P values, VEP consequences, cCRE annotations, and
minor allele counts in the FIN and EUR reference panels.
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C, Chromatin regulatory evidence for the candidate variants across biologically relevant cellular contexts, including skin/keratinocyte,
fibroblast, endothelial/vascular, monocyte/macrophage, neutrophil, and T-cell contexts.

cCRE, candidate cis-regulatory element; MAC, minor allele count.
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Figure 4

QTL and enhancer-to-gene analyses reveal context-dependent regulatory links involving TNRC6B.

A,Coloc.abf results comparing TNRC6B eQTL signals with the erysipelas GWAS in Brain Cerebellum, Artery Aorta, and Artery Tibial. Brain
Cerebellum showed the highest PP.H4 (0.797). The dashed line indicates PP.H4 = 0.8, and the panel on the right shows sensitivity of the
Brain Cerebellum result to the prior probability of a shared causal variant (p12).
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B,Regulatory element-to-gene links predicted by rE2G and ABC across the TNRC6Blocus. Connections represent computationally
predicted links between candidate regulatory elements and TNRC6B or alternative target genes.

C,Target-gene specificity and promoter versus non-promoter regulatory patterns for the five prioritized candidate variants. rs4821940
predominantly showed non-promoter regulatory links to TNRC6B, whereas rs6001827 was characterized mainly by promoter/self-
promoter regulatory support. rs139915 showed additional predicted links to alternative targets, including ADSLand SGSM3, indicating

target-gene ambiguity.
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Sequence-to-function models reveal context-dependent regulatory effects of prioritized candidate variants.

A Allele-dependent sequence-model predictions surrounding rs4821940, showing REF/ALT differences predicted by AlphaGenome,
Borzoi, and Enformer within matched regulatory contexts.

B,RNA/polyA-related predictions for the TNRC6B 3'UTR variant rs139915. The predicted direction showed some inconsistency across
Borzoi model replicates.

C,Integrated cross-model interpretation of the five prioritized candidate variants. rs4821940 showed predominantly partial and context-
dependent support; rs6001827 was characterized mainly by promoter- and transcription-related effects; rs139915 showed RNA/polyA-
related but model-sensitive predictions; rs539666509 exhibited cross-model conflict; and rs4820399 showed local sequence-level effects
without TNRC6B-specific enhancer-to-gene support.
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Figure 6
Multi-evidence integration and robustness analyses prioritize TNRC6B-linked candidate variants.
Symbols M, L, 0, !, and — denote moderate support, limited support, no support, conflicting evidence, and not assessable, respectively.

A, Support levels for the five prioritized variants across seven evidence modules: statistical genetics, functional annotation, QTL,
enhancer-to-gene mapping, sequence models, motif/RNA evidence, and target-gene specificity.

B, Changes in candidate-variant rankings in the leave-one-module-out analysis.
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C, Top-1 and top-3 frequencies of rs4821940, rs6001827, and rs139915 across 5,000 random module-weight perturbations.

D, Final integrated prioritization. rs4821940 and rs6001827 were classified as Tier A candidates, representing non-promoter regulatory
and promoter-associated regulatory hypotheses, respectively, whereas rs139915 was classified as Tier B and represented a distinct
3'UTR/RNA-level regulatory hypothesis.
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